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Geology
Ammonia Release from Organic Deposition of Alkaline Thermal Spring Cyanobacterial 
Mats: Implications for Early Diagenetic Solution Chemistry and Silica Phase 
T ransformations.
The factors affecting silica polymerization and dissolution-reprecipitation reactions 
influence silica phase transformations and are of particular geochemical interest. 
Pressure, temperature, pH and ionic strength affect the rate of silica phase transformation. 
Pressure and temperature are regarded as the most important of these factors. Only pH 
values greater than nine accelerate phase transformations; such conditions are considered 
to occur so rarely in natural settings that the affect of pH is generally ignored. However, 
organic decomposition experiments in a closed aqueous system using fish as the organic 
matter showed that high concentrations of ammonia are produced during decomposition 
and are sufficient to raise solution pH by 2-3 units, sufficient to promote silica dissolution 
and accelerate phase transformations (Berner, 1968). In the study presented here, 
decomposition experiments using cyanobacterial mats were conducted. Cyanobacterial 
mats have a high cellular nitrogen content and a low carbon to nitrogen ratio (6.5), which 
is similar to diatoms and many other microbial assemblages. As a result, the 
cyanobacterial mats are representative of a far greater and more ubiquitous source of 
ammonia.
Microbial decomposition generated sufficient ammonia to significantly increase pH and 
potentially affect silica dissolution and polymerization. High temperature (100-200° C), 
hydrous pyrolysis experiments resulted in ammonia concentrations as high as 2 0 0 2  ppm, 
which increased pH values by 2.6 units. Ammonia concentrations greater than 200 ppm 
were found to control solution pH (r2  = 0.986). The activation energy and Arrhenius 
constant for ammonia release during the high temperature experiments were 74.1 kJ/mol 
(17.7 kcal/mol) and 11.8, respectively. These kinetic values indicate that ammonia was 
produced from the deamination o f amino acids and amino sugars.
Low temperature experiments generated ammonia concentrations as high as 142 ppm. 
All decomposition experiments using cyanobacterial mats generated measurable 
ammonia concentrations. Cores of cyanobacterial mats from Octopus Spring in 
Yellowstone National Park were found have ammonia concentrations as high as 1.17 
ppm. Carbon to nitrogen ratios generally increased during experimentations indicating 
that nitrogen was preferentially consumed during experimentation. A maximum carbon 
to nitrogen ratio after experimentation was 10.4. Field investigations also indicated the 
preferential consumption of nitrogen during organic degradation, with ratios as high as
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I. Introduction
Silica chemistry has long been a focus of study because of its abundance and importance 
in the rock record and numerous commercial uses (Siever and Scott, 1963; Her 1979; 
Dove and Rimstidt, 1994). The mechanism(s) of silica phase transformations during 
sediment diagenesis has been a focal point of silica chemistry research for decades 
(Seiver and Scott, 1963; Iler, 1979; Williams et al, 1985). The precipitation of silica, 
normally in the amorphous form, is driven by the polymerization of dissolved silica 
causing the dehydration within sols and colloidal silica (Siever and Scott, 1963; Iler, 
1979; Dove and Rimstidt; 1984). In aqueous solutions amorphous silica (opal-A) 
transforms to more ordered opaline phases (including opal-C and opal-CT) and finally to 
quartz in a series of solution-reprecipitation reactions (Carr and Fyfe, 1958; Stein and 
Kirkpatrick, 1976; Williams et al, 1985; Knauth, 1994). Factors that affect the rate of 
silica dissolution and the solubility o f silica phases therefore affect the rate of these phase 
transformations. The primary controls on silica solubility are temperature, pressure, pH, 
ionic strength, and dissolved organic matter (Krauskopf, 1956; Iler, 1979; Williams et al., 
1984; Williams and Crerar, 1985; Bennett et al, 1988; Hinman, 1990).
The solubility of silica rises rapidly above pH 9, and influences silica solubility even at
low temperatures (Alexander et al, 1954; Krauskopf, 1956); below pH values of 8 ,
mainly temperature and pressure control silica solubility (Dapples, 1959). The rate and
extent of silica precipitation is also heavily influenced by solution pH (Krauskopf, 1956).
Siever et al (1979) note the importance of pore-water composition in relation to the
kinetics of all transformations occurring in marine sediments. Earlier work focused on
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inorganic controls on pH values, wherein increases in silica phase transformations were 
noted in areas where alkalinity provided by carbonate dissolution created a high pH 
environment (Dapples, 1959; Kastner et al., 1976; Siever et al, 1979). Temperature and 
pressure have long been viewed as the most important factors governing silica phase 
transformations in natural environments (Siever and Scott, 1963; Iler, 1979: Williams et 
al, 1985; Dove and Rimstidt, 1994).
Siever and Scott (1963) suggest that the degradation of organic matter may increase the 
alkalinity and ammonia concentrations in pore-waters, thus increasing the pH and, 
potentially, the rates of silica dissolution. Berner (1968) conducted experiments 
illustrating that the degradation of organic matter (in this case, fish) generated high 
concentrations of ammonia, which resulted in large increases in solution pH. The 
increases in pH values are observed to occur in the early stages o f diagenesis as a result 
of ammonia and amine production from the deamination and decarboxylation of protein- 
derived amino acids (Berner, 1968). In later stages o f organic degradation, pH values 
generally decrease due to the production of carbonic and other organic acids (Berner, 
1968). Behl and Garrison (1994) note that micro-scale silicic diagenetic fronts advance 
further within organic-rich sediment layers and large-scale silicic diagenetic fronts have 
been observed in hydrocarbon migration pathways where ammonia has been found in 
fluid inclusions within massive silica-cemented sandstone units (C. Brewster, 1995: 
Personal Communication). Further, ammonia from organic decomposition has been 
found to be incorporated into the lattice of marine clays where it appears to offset the
charge imbalance associated with these clays (Stevenson, 1962; Stone and Wild, 1978; 
Boatman and Murray, 1982).
It is likely that ammonia generated from the decomposition of organic matter has the 
potential to play an important role in silica phase transformations, particularly within 
marine sediments, if  ammonia production is sufficient enough to significantly increase 
solution pH and alkalinity. While Berner’s experiments with decomposing fish indicate 
the strong potential for ammonia production, the aerial extent o f such occurrences is 
limited. In contrast, the ubiquity of microbial mats and films in marine, freshwater and 
terrestrial environments may make them a factor in geochemical reactions in most 
naturally occurring environments. If the decomposition of microbial mats generate 
sufficient concentrations o f ammonia, solution pH and ionic strength could play an 
important role in geochemical reactions, including silica phase transformations.
Cyanobacterial mats were selected for this study because they are rich in cellular nitrogen 
(Muller, 1977; Des Marais et al., 1992) and thus have a high likelihood of substantial 
ammonia production. Second, cyanobacterial mats have a C/N ratio similar to that of 
marine plankton (6.5) (Muller, 1977; Des Marais et al., 1992); since silica marine 
chemistry is “overwhelmingly dominated” today by marine plankton, cyanobacterial mats 
are a suitable surrogate for plankton-rich sediments (siliceous oozes) (Knauth, 1994). 
Third, these bacterial mats are a modem analog to ancient stromatolites, and as such 
provide a means to study the effect that ancient stromatolitic mats, which were far more 
prevalent in the rock record than today, may have had on solution chemistry and silica
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diagenesis (Krumbien and Werner, 1983; Knoll and Awramik, 1983; Des Marais et al, 
1992; Schopf, 1992). And finally, study of the interaction between silica and 
decomposition of cyanobacterial mats may provide insight into mechanisms of microbial 
fabric preservation in silicic hydrothermal springs (Knoll and Awramik, 1983).
The hypothesis of this study is that decomposition of nitrogen-rich microbial mats 
provide a common, naturally-occurring environment in which the generation of ammonia 
produces high-pH, high-ammonia pore waters that could facilitate the formation of silica 
polymers and enhance the dissolution-reprecipitation reactions that drive silica phase 
transformations. The effect o f cyanobacterial mat decomposition on solution chemistry 
was investigated along three avenues: high temperature/abiotic laboratory experiments, 
low temperature/biotic laboratory experiments, and field investigations. Both low and 
high temperature experiments were conducted using cyanobacterial mat communities 
dominated by Synechococcus sp. and Chlorqflexus sp. collected from Octopus Spring, 
Lower Geyser Basin, Yellowstone National Park. High temperature experiments were 
conducted with the goal of determining potential maximum ammonia values, the kinetics 
of high-temperature/abiotic ammonia production, and to simulate thermal release of 
ammonia from organic-rich sediments under optimal conditions. Low temperature 
experiments were designed to simulate ammonia release under natural, early diagenetic 
conditions and the subsequent affect on pore-water chemistry. Field investigations were 
conducted to determine if  and to what extent ammonia accumulation occurs in a natural 
setting.
II. Background
Geology
Diverse thermal features are found in and around Yellowstone National Park, Wyoming, 
generally within the Yellowstone caldera. The heat source for the hydrothermal fluid 
causing the thermal features is a large cooling batholith estimated to be 50 kilometers by 
60 kilometers, and underlies the caldera at a depth of 3-6 kilometers (Kennedy et al, 
1987). It is postulated that the batholith caps a deep mantle plume, or hot spot (Kennedy 
et al, 1987).
Intense hydrothermal surface activity in the form of hot springs, geysers, fumaroles, mud 
pots, steaming ground, etc., is generally found in isolated basins that are typically several 
to tens of kilometers across within Yellowstone National Park. Various types of thermal 
features can be found within each basin. The geochemistry varies is distinct for each type 
of feature (hot springs, fumaroles, mud pots, etc.) and also varies from feature to feature 
with the basins. These variances are a reflection of the degree of subsurface boiling, 
near-surface cold water mixing, reservoir rock, depth to the batholith, and gas-water-rock 
interactions (Kennedy, et al., 1987).
Lower Geyser Basin is a large hydrothermal basin located in the northwest sector of the
Yellowstone caldera. The hydrothermal activity of Lower Geyser Basin is generated by a
large flux of thermal water that flows in a generally north-south trend, bisecting the
western half o f the Yellowstone caldera (Kennedy, et al, 1987). Lower Geyser Basin is a
broad, nearly flat valley approximately 7,200 feet above sea level (Muffler et al, 1971).
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It is bounded to the southeast by the Mallard Lake resurgent dome (Kennedy, et al, 1987). 
The rest of the basin is bounded by several "caldera-fllling" rhyolite plateaus that rise 400 
to 1,000 feet above the valley floor of Lower Geyser Basin (Muffler et al, 1971; Kennedy 
et al, 1987). The basin is comprised of several smaller regions of surface hydrothermal 
activity including Rabbit Creek, White Creek (which includes Great Fountain Geyser and 
Octopus Spring), the Fountain Group, the River Group, Black Warrior, Nez Perce, the 
Sentinel Group, and Fairy Meadows (Kennedy et al, 1987; USGS, 1972).
The floor o f Lower Geyser Basin is covered for the most part by glacial gravel deposits, 
and is thought to be underlain by the rhyolite flows that bound the basin (Kennedy et al, 
1987). The majority of the surficial deposits are poorly consolidated quaternary glacial 
and alluvial deposits (Muffler et al, 1971), however, this does vary somewhat within the 
areas of hydrothermal activity (USGS, 1972). Within the basin there are three main 
types of chemical hot-spring deposits which overlie the glacial and alluvial deposits, of 
which sinter (amorphous silica deposited at ground surface by flowing thermal waters) is 
the most prevalent (Muffler et al, 1971).
The geochemistry of hydrothermal fluids reflects the gas-water-rock interactions within 
the reservoir, and is greatly effected during its ascent to the surface by several processes: 
mixing of two or more different thermal fluids, dilution with meteoric recharge water, 
and boiling with steam separation (Henley et al, 1984; Kennedy et al, 1987). The 
multitude of possible combinations of these processes and the degree to which each
process occurs produces a wide range in fluid chemistry, even within a basin with a 
"single initial homogenous fluid" source (Henley et al, 1984; Kennedy et al, 1987).
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Figure 1: Schematic o f temperature gradients, water mixing, and thermal features of a 
hydrothermal system typical of Yellowstone National Park (Henley et al, 1984).
If boiling occurs while the fluid is still at depth, gases such as C 0 2 and H2S are 
transferred into the vapor phase and migrate vertically in the system until either reaching 
the surface or interacting with ground waters (Henley et al, 1984). Oxidation of H2S in 
steam-heated ground water environments results in acid-sulfate waters which have low 
chloride concentrations and pHs typically ranging from 0.0 to 3.0 (Henley et al, 1984). 
Hydrothermal fluids can also rise to the surface without sub-surface boiling. This results 
in boiling hot springs with high chloride concentrations and alkaline to near-neutral pHs 
(Henley et al, 1984).
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Alkaline springs typically have high concentrations of Na, Si, and H C 0 3 as well as 
chloride (Fournier, 1989). These constituents come from gas-water-rock interactions 
involving C 0 2 and Na-silicates (Kennedy et al, 1987). Dilution with meteoric waters 
cools the hydrothermal fluids and helps to prevent boiling; the concentrations of sodium, 
chloride, and bicarbonate is a reflection of the degree to which dilution has occurred in 
the system (Henley et al, 1984; Kennedy et al, 1987).
The spring from which the bacterial mats are taken for this study is Octopus Spring. It is 
an alkaline spring in the White Creek group of Lower Geyser Basin. High concentrations 
of chloride, sodium, and bicarbonate concentrations indicate that there has been less only 
moderate dilution of the hydrothermal waters forming Octopus Spring. The chemistry, 
temperature, and flow of Octopus Spring appears to be relatively stable over time, which 
facilitates development of microbial mats.
Microbial Ecology
Due the high temperatures and high ionic strength of the waters characteristic of hot 
springs, the ecology is restricted to microbial life adapted to these conditions (Brock, 
1978). As a result of the simplified community structure found within hot springs and the 
absence of metazoan grazers, extensive microbial mats develop rapidly (Brock, 1978). 
The microbial assemblage of Octopus Spring contains at least nine identifiable groups 
including cyanobacteria, green non-sulfur bacteria, planctomyces, gram-positive bacteria, 
thermosdesulfobacterium, archaea, spirochetes, proteobacteria, and green sulfur bacteria
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(Ward et al, 1994). Of these, the cyanobacteria and green non-sulfur bacteria are the 
overwhelmingly dominant microbes in Octopus Spring, specifically Synechococcus and 
Chloroflexus, respectively (Brock, 1978; Ward et al, 1994). These two genera are the 
primary mat builders in the Yellowstone neutral and alkaline thermal springs, growing in 
close association with one another (Brock, 1978; Ward et al 1984; Ward et al, 1994).
Synechococcus is an elongate, unicellular, aerobic, photoautotrophic, nitrogen-fixing 
cyanobacteria that grows extensively in thermal springs above 50° C throughout North 
America (Brock, 1978; Ward et al, 1984). Synechococcus uses water as an electron 
donor in photosynthesis and uses atmospheric nitrogen to synthesize organic nitrogen 
compounds Ward et al, 1984). The most common Synechococcus specie identified in 
Octopus Spring and other alkaline thermal springs in Yellowstone National Park is S. 
lividus. This specie has an upper thermal limit of 70-74° C and effectively out competes 
other thermophilic prokaryotes at temperatures above 50° C.
Various strains o f S. lividus have been identified and each appear to have unique 
temperature optima. The distribution of these strains follow a temperature gradient, with 
each strain dominating specific temperature ranges. Measured temperature optima for 
photosynthesis correlate well with the temperature of the habitat in which each strain was 
collected. This suggests that even cyanobacteria living near their upper temperature limit 
are optimally adapted to their environmental temperature (Brock, 1978).
Detailed examination of the vertical distribution of Synechococcus indicates that 
genetically distinct functional populations also occur with depth (Ferris et al, 2003). 
Photosynthesis reached a maximum in the uppermost layer in the morning and occurred 
at increasingly deeper depths until noon, where peak photosynthetic activity at maximum 
at about 300 pm throughout the afternoon (Ramsing et al, 1999). This suggests that 
Synechococcus has also adapted to optimize growth at various light intensities and 
oxygen concentrations vertically within the mat structure (Ramsing et al, 1999; Ferris et 
al, 2003).
S. lividus has a minimum temperature for growth of 54° C and a maximum of 72° C; the 
minimal temperature for photosynthesis is 33° C and the maximum is near 75° C (Brock, 
1978; Ward et al, 1984). Optimal growth and photosynthesis occurs between 63° C and 
6 8 ° C (Brock, 1978; Ward et al, 1984). Synechococcus is intolerant of aqueous sulfides 
and is restricted to neural and alkaline thermal springs (Brock, 1978). Hot spring 
Synechococcus is sensitive to reduced light conditions, the optimum light range for 
photosynthesis is 2000 to 8000 footcandles, and photosynthesis is poor below about 550 
footcandles (Brock, 1978; Ward et al, 1994). Experiments indicated that at temperatures 
above the 63-68° C optimum, Synechococcus requires greater light intensities for growth 
(Brock, 1978). As a result, seasonal changes in both the color and structure of mats in 
Yellowstone hot springs.
The nutritional requirements of cyanobacteria are simple, requiring no vitamins and able 
to metabolically manufacture all necessary organic compounds. Synechococcus is also an
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obligate phototroph and is unable to utilize organic compounds for growth away from sun 
like, which restricts it to the upper millimeters of the mat structure (Brock, 1978; Brock 
et al 1994; Ward et al, 1994). Synechococcus is capable of nitrogen fixation, thus can 
utilize inorganic nitrogen sources to manufacture organic nitrogen compounds (Brock et 
al, 1994). In the mats of Octopus Spring, Synechococcus is the only microbe identified 
with this capability (Brock, 1978; Ward et al, 1994). This results in a characteristically 
high cellular nitrogen and low carbon to nitrogen ratio of approximately 6.5 (Muller, 
1977; Ittekkot et al, 1984; Des Marais et al, 1992;).
Microbial activity within the mat community generates ammonia from the deamination 
and carboxylation of protein-rich organic matter such as cellular sheaths and metabolic 
globules within the cells (Berner, 1968; Schneider and Jurgens, 1991; Brock et al, 1994). 
Microbial activity produces ammonia (NH3 ), however under pH conditions below 9, 
ammonia becomes protonated and exists as an ammonium ion (NH4 +) due to the high pKa 
(-9.2) o f ammonia (Harris, 1991; Brock et al, 1994).
Intimately associated with Synechococcus is the green non-sulfur bacteria Chloroflexus. 
Chloroflexus is a filamentous phototrophic bacteria that is a facultative aerobe and a 
chemoorganotroph (Ward et al, 1984; Ward et al, 1992). This group is incapable of 
nitrogen fixation and requires an organic nitrogen source such as ammonia and amino 
acids (Brock, 1978; Brock et al 1994). Various experiments on nutrient uptake indicate 
that Chloroflexus generally grows as a photoheterotroph and depends upon 
Synechococcus to provide required organic compounds, particularly organic nitrogen
-11-
compounds (Brock, 1978; Brock et al, 1994). The cellular nitrogen content of 
Chloroflexus is lower than that of Synechococcus, resulting in a higher carbon to nitrogen 
ratio of approximately 9 (Urmenata and Navarette, 2000).
Chloroflexus is able to perform photosynthesis under greatly reduces light conditions and 
can also use organic matter for nutritional and metabolic requirements in the dark (Brock, 
1978; Brock et al, 1994). In the interior of the mat, Chloroflexus utilizes a variety of 
organic compounds including amino acids, tricarboxylic acid cycle intermediates, short- 
chain alcohols, and hexoses (Brock, 1978). The result is that Chloroflexus dominates the 
interior o f the mat below about the uppermost millimeter (Brock, 1978; Ward et al, 
1994). Bacteriochlorophyll concentrations indicate that photosynthesis by Chloroflexus 
reaches a maximum at 55° C and drops below detection at temperatures under 45° C and 
over 70° C (Brock, 1978).
Silica Geochemistry
Silicon is the second most abundant element in the earth’s crust and is found primarily in 
coordination with oxygen in the form of silica (Iler, 1979). Silica occurs in multiple solid 
and aqueous forms. Common solid forms include highly ordered forms such as quartz 
and chert, less ordered forms such as cristobalite and tridymite (also referred to as opal- 
CT), and amorphous forms such as obsidian, opal (also referred to as opal-A) and sinter 
(Iler, 1979; Williams et al, 1985; Heaney, 1994). Quartz is formed over long periods of 
time from either
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the slow cooling of a magmatic melt or the reordering of silica originally deposited as a 
less ordered phase, most commonly some form of amorphous silica (Iler, 1979; Behl and 
Garrison, 1984; Williams et al, 1985; Dove and Rimstidt, 1994). Only the latter case is 
of importance to this study and will be discussed herein.
Amorphous silica can be deposited biogenically in the forms of siliceous tests of diatoms 
and radiolarians (opal-A) or inorganically from silica saturated waters (Iler, 1979, 
Williams et al, 1985; Henley et al, 1987). Over time, silica phases are transformed into 
more ordered phases following a dissolution-reprecipitation pathway, which normally 
begins with some form of opal-A, progresses to meta-stable forms of opal-CT and ends 
as highly ordered, stable quartz (Iler, 1979; Williams, et al 1984; Dove and Rimstidt, 
1994). Silica is increasingly stable and more ordered along this phase transformation 
pathway (Williams et al, 1985; Dove and Rimstidt, 1994). The solubility of silica 
decreases as the phases become more ordered and stable, amorphous silica > cristobalite- 
tridymite > quartz (Iler, 1979; Williams, et al 1984; Dove and Rimstidt, 1994).
Monomeric silica is the most common form of dissolved silica, but also occurs as silicic 
acid and polymeric and colloidal forms (Iler, 1979; Dove and Rimstidt, 1994). 
Polymerization of dissolved silica in silica super-saturated waters causes dehydration and 
results in precipitation of solid silica, again generally as amorphous silica (Dapples, 1959; 
Iler, 1979;
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Dove and Rimstidt, 1994). Precipitation of silica involves dehydration reactions, while 
dissolution involves hydration reactions (Iler, 1979; Dove and Rimstidt, 1994), described 
by:
(Si02)x + 2 H2 0 ^  (H4Si04)x
Solubility and polymerization of dissolved silica, and thus precipitation and dissolution, 
are affected by pressure, temperature, solution pH, and solution chemistry (Iler, 1979; 
Williams et al, 1985; Dove and Rimstidt, 1994). Silica solubility is increased by 
increasing pressure, pressure forces a greater number of silica molecules into a more 
stable configuration and reduces the Gibb’s free energy of dissolved silica (Dove and 
Rimstidt, 1994). Increasing temperatures also increase silica solubility, by making the 
free energy more negative (Dove and Rimstidt, 1994). Conversely, decreases in 
temperature and pressure result in decreased silica solubility and increased 
polymerization and precipitation.
H4 Si0 4  is a weak acid (pKa ~ 9.2) that dissociates appreciably at pH values > 9, 
significantly increasing the solubility o f silica (Iler, 1959; Williams et al, 1985; Brady 
and Walthier, 1989; Dove and Rimstidt, 1994). Certain cations, particularly Na+ and 
Ca , also greatly increase silica solubility through catalysis (Iler, 1979; Henley et al, 
1984; Dove and Rimstidt, 1994). Silica complexation with various organic acids also 
increases silica solubility (Bennett and Siegel, 1987; Bennett et al, 1988; Dove and 
Rimstidt, 1994).
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Silica dissolution by certain acids and bases (including ammonia) has been observed to 
catalyze polymerization and result in unusual structures and morphologies (Ellis et al, 
1993). Acid-catalysis forms linear, weakly cross-linked polymers, which causes some 
additional branching of the polymers in the resulting gel (Ellis et al, 1993). Base- 
catalysis forms more highly branched clusters due to more rapid hydrolysis (Ellis et al, 
1993). The acid catalyzed reactions cause rapid protonation of the hydroxyl substituents 
bonded directly to the Si molecule, whereas under basic conditions hydroxyl or silanolate 
anions attack the Si molecule directly (Ellis et al, 1993).
In hot springs, the waters have generally equilibrated with quartz at depth under 
significantly higher temperature and pressures than are present in the surface springs 
(Henley et al, 1984). The waters become silica super-saturated when they are flashed to 
the surface where pressure and temperature decrease rapidly (Henley et al, 1984). With 
decreasing pressure and temperature silica polymerization is also rapid, resulting in 
dehydration and an amorphous form of silica called sinter is deposited (Heaney, 1994). 
Temperature continues to decrease as the hydrothermal waters flow away from the vent, 
resulting in continued silica-oversaturation and precipitation of amorphous silica.
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III. Methods
Materials
Samples of microbial mats were collected from flowing channels at Octopus Spring, 
Lower Geyser Basin, Yellowstone National Park. Collection criteria were: water 
temperature (approximately 58°), mat form (laminar), and mat color (green surface and 
orange interior). The mats were collected using a metal spatula and transported on ice in 
plastic containers. Samples for high temperature experiments were collected in February 
1994 and frozen within 24-hours o f collection. Microbial mat samples Milli-Q water and 
most Octopus Spring water experiments were collected in February 1995. Samples for 
additional Octopus Spring water experiments (controls and replicates) were collected in 
early June 1995. All low temperature experiments used fresh samples which were loaded 
into reaction vessels within 24-hours of collection.
Deionized water was used in the high temperature experiments. Milli-Q water was used 
for one set of low temperature experiments, while water from Octopus Spring was used 
for a parallel set o f low temperature experiments. Octopus Spring water was collected 
near the vent of Octopus Spring where run off channels were deepest. Water from the 
spring was stored in sealed one gallon plastic containers.
Water temperature and pH measurements were taken during the collection of microbial
samples using an Orion Triode™ pH electrode and temperature compensation probe
(Orion Model 91-57) with a portable pH meter (Orion Model 23OA).
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Approach and Procedures 
High Temperature Laboratory Experiments
High temperature, hydrous pyrolysis experiments were conducted to determine maximum 
ammonia generation potential from the cyanobacterial mats. Three different 
temperatures were used to obtain data suitable for calculation of kinetic parameters. 
Microbial mat material was vacuum-dried for 24-hours at 70° C until dry, dry weights 
were taken every 20 minutes in the last 20 hours of drying. Drying was considered 
complete when sample weight did not change for three consecutive weighings. Dried 
material was pulverized using a ceramic mortar and pestle, then stored in a large screw- 
cap jar. A dried mat to deionized water ratio of approximately 1:6 by weight was loaded 
into Teflon lined acid digestion bombs (Parr Model 4749), then heated to 100° C, 150° C, 
or 200° C for 2 to 72 hours. Individual bombs were removed at pre-selected intervals (at 
2, 4, 8, 16, and 32 hours for the 100° C and 150° C experiments, and at 2, 4, 16, 36, and 
72 hours for the 200° C experiments). The bombs were cooled to room temperatures, 
then opened and the resulting solution was decanted, centrifuged for 1 minute and filtered 
through a 0.45 micron filter. The ammonia concentration and pH of the solution was 
immediately analyzed following the procedure outlined below. The solid was retained, 
dried at 70° C and stored in glass screw-cap vials for elemental analysis and ash content 
analysis.
Analysis for solution pH was conducted using an Orion Triode™ pH electrode (Orion 
Model 91-57), which was calibrated using pH 5,7 and 9 buffered solutions before sample
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analysis. A buffered solution most similar to the last measurement taken was rechecked 
between every other sample measurement to ensure calibration consistency and accuracy
throughout sample analysis. The probe was recalibrated if a reading deviated more than 
0.04 units from the reported buffer value. The reported error for the pH probe reading is 
+/- 0.01 standard pH units.
Ammonia concentrations were determined using an Orion Model 95-12 ammonia 
selective electrode, which was calibrated using 0, 1, 10, and 100 ppm NH3 standards 
before sample analysis. Approximately 1 ml of 10N NaOH was added per 10 ml of 
samples solution to liberate the ammonia and to create the proper matrix for the 
electrode. When ammonia concentrations exceeded 100 ppm, the probe was recalibrated 
using 1, 10, 100, and 1000 ppm NH3 standards and the sample reanalyzed. The error 
reported for the ammonia selective electrode is +/- 2 %.
Low Temperature Experiments
Low temperature experiments were conducted to examine ammonia generation under 
natural decomposition conditions common in hot spring environments. Experiments 
using natural alkaline hot spring waters were used to simulate the natural environment as 
closely as possible. Experiments using deionized water were conducted to observe the 
affect of ammonia generation on an unbuffered aqueous system. Three different 
experimental temperatures were used to simulate various conditions observed in the field 
and to collect data potentially appropriate for calculation o f kinetic parameters.
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The low temperature experiments were run at 20° C, 35° C and 58° C for pre-selected 
duration intervals ranging from 5 to 80 days. Fresh microbial mat samples were loaded 
into Teflon acid digestion bombs at a sample to water ratio of 2:1 with either Milli-Q or 
Octopus Spring water. A set of killed controls was conducted using 0.25g of mercuric 
iodide added to the experiment charge; all killed control experiments used Octopus 
Spring water. The mercuric iodide killed all microbial life enabling the distinction 
between biotically and abiotically generated ammonia during experimentation.
At the pre-selected intervals, individual bombs were removed for analysis as described in 
the previous section; analyses for pH and ammonia were conducted immediately upon 
opening the reaction bombs as described above. The solid was retained, dried at 70° C 
and stored in glass screw-cap vials for elemental analysis and ash content analysis.
Field Investigations
Field investigations were conducted to ascertain ammonia accumulation within in situ
microbial communities. Initially, pore water collection and temperature and pH
measurements were taken along transects thought to reflect varying stages of microbial
health, ranging from healthy growing mats to decomposing partially silicified mats.
These early transects were based primarily on the color and apparent condition of the
mats and interstitial waters were collected with a disposable pipette. Subsequent
fieldwork used small gauge syringes to collect interstitial waters from within the
microbial mats. Cores o f the microbial mats were taken on the last field occupation using
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small centrifuge tubes. Cores were stored on ice and centrifuged in the laboratory within 
24-hours of collection.
Most Probable Number Evaluation for Ammonifying Bacteria
Most probable number (MPN) method of enrichment and enumeration was used to 
estimate the density of the ammonifying bacteria population within the microbial mat 
samples and ensure the population was sufficiently large to facilitate ammonia 
production. MPN uses a growth medium that preferentially favors the growth of the 
microbe of interest, while inhibiting the growth of the other microbes. A portion of mat 
sample was suspended in an appropriate solution (described below), and then was used in 
differing quantities to inoculate a growth medium. This produces a test matrix with three 
different medium to sample ratios. The medium to sample ratio is selected based upon 
the expected population density of the original sample. Higher medium to sample ratios 
are needed for higher expected population densities. The MPN method then employs a 
statistical approach based on the number of positive results obtained to estimate the 
population of the targeted bacteria.
The growth medium for the MPN was an alkaline peptone water, which provided an 
organic nitrogen food source in an alkaline environment similar to that of the alkaline hot 
spring environment (Speck, 1976). The medium was prepared using the following 
ingredients in the following manner:
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Peptone................
Sodium Chloride 
Distilled Water...
2.00 grams
2.00 grams 
200 milliliters
The pH of the peptone medium is approximately 8.5, and no adjustment of pH was 
needed (Speck, 1976). Ten milliliter aliquots o f the medium were dispensed into each of 
sixteen test tubes, the tubes were capped, autoclaved at 121° C for fifteen minutes, cooled 
to approximately 20° C, then inoculated with the hot spring microbial mat samples 
(Speck, 1976).
The inoculation solution was prepared by mixing approximately 5 ml of microbial mat 
sample with 10 ml of a 0.1% sterile peptone water. The resulting solution was vortexed 
to liberate the bacterial cells from the mat into the peptone water. Three sets of five tubes 
were inoculated with 1.0 ml, 0.1 ml, and 0.01 ml of the inoculant, respectively. One test 
tube was not inoculated to serve as a control.
After fourteen days, each tube was tested for the presence of ammonia using Nesslers 
reagent, which turns orange in the presence of ammonia. An MPN index number was 
empirically derived based on the number o f ammonia-positive results. This index 
number was multiplied by the inverse of the dilution factor (the medium to sample ratio) 
used. The result is an estimate of the population density of ammonifying bacteria 
contained within the original microbial mat sample (Brock, 1994).
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Ash Content Analysis
An ash analysis was conducted to determine the percentage of organic and inorganic 
matter present in each sample. Ash analysis was conducted per the procedure outlined in 
Standard Methods (EPA, 1992) as follows: washed and dried ceramic crucibles were 
heated to 500° C for 1-hour to bum off any residual impurities. Cmcibles were cooled in 
a desiccator to room temperature, the weighed and returned to the desiccator. Previously 
dried and stored mat samples were weighed into the cmcibles and dried at 105° C for 1 
hour to remove any moisture accumulated during storage. Samples were then cooled in 
desiccators and re-weighed. The total weight o f the sample is reported as the difference 
between the weight o f the sample-filled cmcible after being dried at 105° C for 1 hour 
and the weight of the cleaned, empty cmcible.
The samples were then ashed in a muffle furnace a 550° C for 90 minutes to bum off all 
organic matter (EPA, 1992). The cmcibles were cooled to room temperature in 
desiccators and weighed a final time. The reported weight of in organic matter in each 
sample is the difference between the final weight (after ashing) and the weight o f the 
cleaned, empty cmcible. Ashing was conducted on split samples to quantify the potential 
error in this measurement and is reported in the Results section.
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Elemental Analysis
Elemental analyses were performed on both initial mat samples and samples retained 
after experimentation. Duplicate and split samples were also analyzed for determination 
o f error. Steve Baker at the Forest Service Fire Laboratory in Missoula, Montana 
conducted all of the elemental analysis.
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IV. Results
Abiotic/High Temperature Experiments
Abiotic experiments were conducted to determine the kinetics of ammonia release at high 
temperatures. The ammonia generated at these high temperatures represents maximum 
potential ammonia generation. Data collected from these experiments are summarized in 
Table IV. 1 below. Over all the data indicate that the percentage of inorganic matter 
(percent ash) generally increases with a corresponding general decrease in the percentage 
of organic matter with increasing experiment duration. Carbon and nitrogen percentages 
both decrease significantly with time and temperature, indicating significant consumption 
of organic matter during the experiments.
Table IV. 1: High Temperature Data Summary. Starting solution for experiments was 
1.0M NaCl with a pH value of 5.1. Error in elemental analysis is +/- 5%; error in C/N 
ratio is +/- 7%. *nc indicates data not collected.
Sample
Name
Duration
(Hours)
pH n h 3
ppm
mmol
n h 3/
g Solid
%
Carbon
%
Nitrogen
C/N
Ratio
%
Ash
HP.00.001 0 13.21 1.86 7.10 79.39
HP.00.002 0 12.19 1.76 6.93 75.21
HP.2.100 2 4.9 2.93 0.0010 10.50 1.43 7.34 77.95
HP.4.100 4 5.0 5.31 0.0019 8.51 1.26 6.75 82.26
HP.8.100 8 5.2 15.87 0.0056 9.45 1.15 8.22 83.27
HP.16.100 16 5.4 28.84 0.0099 5.36 0.74 7.24 82.74
HP.32.100 32 5.7 36.2 0.012 5.03 0.64 7.50 83.16
HP.2.150 2 4.9 38.4 0.013 nc nc nc 78.79
HP.4.150 4 5.0 47.7 0.017 4.81 0.72 6.68 89.56
HP.8.150 8 4.9 62.0 0.022 8.65 1.06 8.16 87.30
HP.16.150 16 4.7 97.3 0.033 4.78 0.70 6.83 87.91
HP.32.150 32 4.8 143 0.051 4.29 0.53 8.09 89.53
HP.2.200 2 4.7 200 0.054 6.50 0.84 7.74 90.12
HP.4.200 4 4.8 380 0.14 4.80 0.57 8.42 92.27
HP.8.200 8 5.2 702 0.24 5.42 0.65 8.34 90.39
HP. 16.200 16 5.9 928 0.30 4.61 0.59 7.14 90.81
HP.32.200 32 6.4 1320 0.47 5.04 0.57 7.07 88.77
HP.72.200 72 7.3 2002 0.57 4.46 0.54 8.26 90.40
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In all high temperature experiments, inorganic decomposition of the cyanobacterial mat 
samples produced measurable concentrations of ammonia. Ammonia concentrations 
consistently increased with both temperature and duration, with a maximum ammonia 
concentration measured at 2002 ppm in the 200° C, 72-hour sample. The pH in the 100° 
C and 200° C experiments increased over time; however, this trend was not observed in 
the 150° C experiment. The pH changed +1.2 pH units at 100° C, -0.1 pH units at 150° C 
and +2.6 pH units at 200° C.
Organic and Inorganic Content
Solids recovered after each high temperature experiment were ashed to quantify the dry 
weight amounts and percentages of organic and inorganic matter remaining upon 
experimental completion (Table IV.2). Ash contents allow normalization of experimental 
data to starting materials on an ash-free basis. Analyses of two split samples indicate that 
the original starting sample contained an average of 20.7% organic matter (+/- 0.3%) and 
79.3% (+/- 0.1%) inorganic matter.
The decrease in organic matter was not consistent over time (Graph IV. 1), but for each 
temperature the percentage of organic matter was measurably less at the end of the 
experiment than in the starting material, indicating an overall decrease in organic matter 
over time (Table IV.2). The two-hour samples from the 100° C and 150° C experiments 
show an increased organic matter percentage, however this increase may reflect a 
decrease in inorganic content due to initial silica dissolution.
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Graph IV. 1: Change in Percent Organic Matter over Time. 
Table IV.2: Summary of Ashing Results.
Sample
Name
Total 
Sample 
Weight (g)
Weight of 
Organic 
Fraction (g)
Weight of 
Inorganic 
Fraction (g)
Percent
Organic
Percent
Inorganic
(Ash)
HP.00.001 0.4425 0.0912 0.3513 20.61 79.39
HP.00.002 0.3824 0.0792 0.3032 20.70 79.30
HP.2.100 0.3360 0.0741 0.2619 22.05 77.95
HP.4.100 0.5491 0.0974 0.4517 17.74 82.26
HP.8.100 0.3921 0.0656 0.3265 16.73 83.27
HP. 16.100 0.2745 0.0474 0.2271 17.26 82.74
HP.32.100 0.4352 0.0733 0.3619 16.84 83.16
HP.2.150 0.3333 0.0707 0.2626 2 1 . 2 1 78.79
HP.4.150 0.1398
_ _ _ _ _
0.1252 10.44 89.56
HP.8.150 0.4568 0.0580 0.3988 12.70 87.30
HP. 16.150 0.4432 0.0536 0.3896 12.09 87.91
HP.32.150 0.5550 0.0581 0.4969 10.47 89.53
HP.2.200 0.3997 0.0395 0.3602 9.88 90.12
HP.4.200 0.4255 0.0329 0.3926 7.73 92.27
HP.8.200 0.5160 0.0496 0.4664 9.61 90.39
HP. 16.200 0.5362 0.0493 0.4869 9.19 90.81
HP.32.200 0.4168 0.0468 0.3700 11.23 88.77
HP.72.200 0.2551 0.0245 0.2306 9.60 90.40
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Temperature is also a major factor in controlling the amount o f organic matter degraded 
(Table IV.3). At any given time, lower organic contents are present in higher 
temperature experiments than in lower temperature experiments. Therefore, organic 
matter was consumed to greater extents with increases in time and temperature.
Table IV.3: Change in Percent Organic Matter with Temperature
Sample
Name
Duration
(Hours)
Temp.
(°C)
Percent
Organic
Sample
Name
Duration
(Hours)
Temp.
(°C)
Percent
Organic
HP.2.100 2 100 22.05 HP.8.100 8 100 16.73
HP.2.150 2 150 21.21 HP.8.150 8 150 12.70
HP.2.200 2 200 9.88 HP.8.200 8 200 9.61
HP.4.100 4 100 17.74 HP.16.100 16 100 17.26
HP.4.150 4 150 10.44 HP.16.150 16 150 12.09
HP.4.200 4 200 7.73 HP.16.200 16 200 9.19
Carbon and Nitrogen Content
Elemental analysis results indicate that the average starting carbon and nitrogen 
percentages are 12.7% and 1.81%, respectively (Table IV.3). Carbon and nitrogen 
contents decrease over the course of the experiments at all temperatures (Table IV.3) and 
Graphs IV.2 and IV.3). The maximum percentage of carbon lost during the experiments 
is approximately 6 6 %, while the maximum percentage of nitrogen loss approximately 
71%, both occurring in the 150° C, 32-hour experiment. The percentage of carbon and 
nitrogen generally decrease with increasing experiment duration (Graphs IV.2 and IV.3.), 
and the percent carbon and nitrogen are significantly less in all o f the experimental 
samples than in the starting material. Further, the overall increase of the C/N ratio of 
longest-duration samples (Table IV.4) versus starting material indicates that nitrogen loss 
exceeds carbon loss during the experiments.
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Table IV.4: Summary of Carbon and Nitrogen Data.
Sample Temp. Duration Wt. % % Loss W t % % Loss C/N C/N Ratio %
Name C°C) (Hours) Carbon Carbon Nitrogen Nitrogen Ratio Change
HP.00.001 13.21 1 . 8 6 7.10
HP.00.002 12.19 1.76 6.93
HP.2.100 1 0 0 2 10.50 17.32 1.43 20.99 7.34 -4.63
HP.4.100 1 0 0 4 8.51 32.99 1.26 30.39 6.75 3.78
HP.8.100 1 0 0 8 9.45 25.59 1.15 36.46 8 . 2 2 -17.18
HP. 16. IOC 1 0 0 16 5.36 57.80 0.74 59.12 7.24 -3.21
HP.32.10C 1 0 0 32 5.03 60.39 0.64 64.64 7.86 -12.05
HP.2.150 150 2 nc nc nc nc nc nc
HP.4.150 150 4 4.81 62.13 0.72 60.22 6 . 6 8 4.78
HP.8.150 150 8 8.65 31.89 1.06 41.44 8.16 -16.32
HP.16.15C 150 16 4.78 62.36 0.70 61.33 6.83 2.64
HP.32.15C 150 32 4.29 6 6 . 2 2 0.53 70.72 8.09 -15.32
HP.2.200 2 0 0 2 6.50 48.82 0.84 53.59 7.74 -10.33
HP.4.200 2 0 0 4 4.80 62.20 0.57 68.51 8.42 -20.03
HP.8.200 2 0 0 8 5.42 57.32 0.65 64.09 8.34 -18.89
HP.16.20C 2 0 0 16 4.61 63.70 0.59 67.40 7.81 -11.33
HP.36.20C 2 0 0 36 5.04 60.31 0.57 68.51 8.84 -26.02
HP.72.20C 2 0 0 72 4.46 64.88 0.54 70.17 8.26 -17.75
1. Analytical error is 7%, replicate error is less than 7%.
2. nc indicates data not collected.
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Percentages of both carbon and nitrogen show a progressive loss with increased 
temperature at any given duration (Table IV.5). At all temperatures, reactions involving 
carbon loss potentially complicate C/N results and mask nitrogen loss. Therefore, the data 
suggest that multiple carbon and nitrogen consuming reactions may be occurring during 
the high temperature experiments and that the importance of each reaction may fluctuate 
with time and temperature. However, both carbon and nitrogen are consumed in 
significant quantities during the high temperature experiments and are therefore likely to 
generate reaction products that affect solution chemistry.
Table IV.5: Change in Percent Carbon and Percent Nitrogen with Temperature.
Sample
Name
Duration
(Hours)
Temperature
(°C)
Weight % 
Carbon
Weight % 
Nitrogen
C/N Ratio
HP.00.001 13.21 1 . 8 6 7.10
HP.00.002 12.19 1.76 6.93
HP.2.100 2 1 0 0 10.50 1.58 7.34
HP.2.150 2 150 nc nc nc
HP.2.200 2 2 0 0 6.50 0.63 7.74
HP.4.100 4 1 0 0 8.51 1.13 6.75
HP.4.150 4 150 4.81 0.58 6 . 6 8
HP.4.200 4 2 0 0 4.80 0.49 8.42
HP.8.100 8 1 0 0 9.45 1.48 8 . 2 2
HP.8.150
HP.8~266
8 150 8.65 1.16 8.16
8 2 0 0 5.42 0.67 8.34
HP. 16.100 16 1 0 0 5.36 0.84 7.24
HP. 16.150 16 150 4.78 0.59 6.83
HP. 16.200 16 2 0 0 4.61 0.50 7.81
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Ammonia Production
Measurable concentrations of ammonia were produced in each of the 16 experiments 
conducted (Table IV.6 ). Sufficient nitrogen is present in the original sample to produce 
significant amounts of ammonia. Ammonia concentrations consistently increase with 
time and with temperature (Table IV . 6  and Graph IV.4 and IV.5) with a maximum 
concentration of 2,002 ppm (0.5676 mmol/g sample) measured after 72 hours at 200° C.
More ammonia is produced at the higher temperatures throughout the experiment (Graph 
IV.5). Berner (1968) observed that the rate of ammonia evolution increased significantly 
with increased temperature and determined that this reflects the effect of greater energy 
in the form of heat to break down the amino acids and other organic nitrogen compounds 
to liberate ammonia. In these experiments, maximum ammonia generation occurred at 
200° C, with experiments at each temperature reaching different asymptotic values after 
36 hours (Graph IV.6 ). This suggests that not only are the rates of the reactions different 
at different temperatures but the extent of reaction is different as well. That is, ammonia 
generation at 100° C does not occur to the same extent as ammonia generation at 200° C. 
Following Berner’s (1968) argument, progressively more resistant amino acids and other 
organic nitrogen compounds are degraded as temperature increases.
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Table IV.6: Summary of Ammonia Production During High Temperature Experiments.
Sample
Name
Temperature
(°C)
Duration
(Hours)
Measured 
NH3 (ppm)
mmol NH3/ 
g Sample
HP.2.100 1 0 0 2 2.93 0 . 0 0 1 0
HP.4.100 1 0 0 4 5.31 0.0019
HP.8.100 1 0 0 8 15.87 0.0056
HP. 16.100 1 0 0 16 28.84 0.0099
HP.32.100 1 0 0 32 36.2 0.0123
HP.2.150 150 2 38.4 0.0128
HP.4.150 150 4 47.7 0.0166
HP.8.150 150 8 62 0.0218
HP. 16.150 150 16 97.3 0.0328
HP.32.150 150 32 143 0.0509
HP.2.200 2 0 0 2 2 0 0 0.0535
HP.4.200 2 0 0 4 380 0.1349
HP.8.200 | 200 8 702 0.2373
HP. 16.200 | 200 16 928 0.2953
HP.36.200 | 200 36 1320 0.4692
HP.72.200 | 200 72 2 0 0 2 0.5676
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To test whether or not the 72 hour 200° C was a reasonable approximation of a maximum 
ammonia concentration for these experiments, a regression equation was fit to the 200° C 
logarithmic plot o f the time-variant data (Graph IV.6 ). This regression equation was then 
used to extrapolate ammonia concentrations at 200° C over extended periods of time. 
Ammonia generation was calculated for a range of two to 600 hours using the regression 
equation; Table IV.7 summarizes the first 320 hours from these calculations. The percent 
change in ammonia concentration per hour from the previous measurement or point was 
calculated for both the measured and calculated values (Tables IV.7 and IV.8 , and Graph 
IV.7).
The percent change in ammonia evolution at 200° C is rapid in the first few hours, then 
slows rapidly after about 10-15 hours (Tables IV.7 and IV.8 ). Over time, the percent 
increase in ammonia concentration decreases rapidly to the point that after approximately 
72 hours the increase in ammonia concentration per hour is negligible. Therefore the 
2 0 0 2  ppm ammonia concentration is a reasonable maximum ammonia concentration and 
is an indication that an increase in temperature would be required to generate 
significantly higher ammonia concentrations.
Overall, the ammonia data from the high temperature experiments confirm that relatively 
high ammonia concentrations can be rapidly evolved at high temperatures and that 
temperature is the dominant control on the rate of abiotic ammonia generation.
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Table IV.7: Percent Change in Measured Ammonia Concentration per Hour from 
Previous Measurement (200°C).___________________________________________
Sample Name j Duration (Hours) I [NH3] ppm 1 % Change/Hour
HP.2.200 ! 2 ! 2 0 0 j —
HP.4.200 ! 4 1 380 j 23.7
HP.8.200 ! 8 ! 702 ! 11.5
HP. 16.200 ! 16 ! 928 | 3.04
HP.36.200 : 36 I 1320 ! 1.49
HP.72.200 ! 72 ! 2 0 0 2 ! 0.946
Table IV.8 : Percent change in Calculated Ammonia Concentration per Hour from 
Previous Measurement (200°C).___________________________________________
Duration
(Hours)
! [NH3] ppm 
! (Calculated)
% Change 
per Hour
Duration
(Hours)
| [NH3] ppm 
I (Calculated)
% Change 
per Hour
2 1 72.52 — 1 0 0 1 1948 0.275
3 j 266.88 72.8 1 2 0 ! 2035 0.215
4 ! 404.8 34.1 140 ! 2109 0.175
5 | 511.8 20.9 160 l 2173 0.147
1 0 S 844.0 7.87 180 1 2230 0.127
2 0 I 1176 2.82 2 0 0 1 2280 0.111
30 j 1371 1.42 2 2 0 1 2326 0.098
40 I 1509 0.914 240 I 2367 0.088
50 ! 1616 0.662 260 j 2406 0.080
60 ! 1703 0.513 280 ! 2441 0.073
70 S 1777 0.416 300 ! 2474 0.067
80 \ 1841 0.348 320 j 2505 0.062
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Graph IV.6 : Measured Ammonia Production over Time (Logarithmic).
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Graph IV.7 : Calculated Ammonia Concentration Percent Change per Hour.
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Kinetics of Ammonia Production
The determination of the rate equation and activation energy for abiotic ammonia 
evolution from the cyanobacterial mats was based upon the Arrhenius equation:
(IV -l) A = Ae “Ea/RT
where: k  is the rate constant
A is the preexponential factor 
Ea is the activation energy 
R is a gas constant (1.987)
T is absolute temperature (°K)
The Arrhenius equation is normally applied graphically using a linearized data fit in 
which rate constants, k, are determined at different temperatures (Connors, 1990). The 
experimental data are fit to a first-order equation to obtain temperature dependant rate 
constants (Connors, 1990):
(TV-2) k = (ln[Ao/A])/f
where: k  is the rate constant
A0  is the initial reactant concentration 
A is the subsequent reactant concentrations 
T  is time
Equation IV-2 is based on observed decreases in reactant concentration and/or increases 
in product concentrations (Connors, 1990). However in these experiments, decreases in 
reactant concentration could not be measured so increases in product concentration were 
used.
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A maximum product concentration must be determined; for these experiments the 
maximum product concentration is taken as the observed ammonia concentration of 2 0 0 2  
ppm from the 200° C, 72-hour experiment (refer to previous section).
(VI-3) ln(l/l-X ) = kt
where: 1 results from the fraction of reaction ln(Am/Am), where Am is the 
maximum product concentration ( 2 0 0 2  ppm ammonia)
X = the fraction of reaction (At/Am), where At is ammonia concentration at 
time t and Am is the maximum ammonia concentration ( 2 0 0 2  ppm) 
t = time
k  = rate constant
Using this maximum product concentration, a fraction of reaction is calculated for each 
measured product concentration (Table IV.9). These values are substituted into equation 
IV-3. The experimental data are then plotted and fit into equation IV-3 through linear 
regression to determine temperature-dependant rate, where the slope of the regression 
line yields the rate constant, k (Graphs IV . 8  - IV. 10).
The rate constants for each temperature are used in the logarithmic form of the Arrhenius 
equation (IV-1), yeilding the activation energy, Ea, and the Arrhenius constant, Ae (Graph 
IV. 11).
ln(k) = -Ea/R (1/t) + ln(Ae)
The regression equation from Graph IV. 11 yields an activation energy of 17.7 kcal/mol 
(74.1 kJ/mol) and the rate equation for ammonia generation in these experiments is:
ln(k) = -7248.4(1/T) + 11.822
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Table IV.9: Summary of kinetics data from high temperature experiments.
Sample
Name
Duration
(Hours)
Temperature 
(° K)
mmol NH3 
/g Solid
X  (fraction 
of reaction)
1/1-X In (1/1-X)
HP.2.200 2 473 0.0535 0.0943 1 . 1 0 0.0991
HP.4.200 4 473 0.135 0.238 1.31 0.271
HP.8.200 8  473 0.237 0.418 1.72 0.542
HP. 16.200 16 473 0.295 0.520 2.08 0.735
HP.36.200 36 473 0.469 0.827 5.77 1.752
HP.72.200 72 473 0.568 1 . 0 0 — —
HP.2.150 2 423 0.0128 0.0226 1.023 0.0228
HP.4.150 4 423 0.0166 0.0293 1.030 0.0297
HP.8.150 8 423 0.0218 0.0384 1.040 0.0392
HP.16.150 16 423 0.0328 0.0577 1.061 0.0595
HP.32.150 32 423 0.0509 0.0897 1.098 0.0939
HP.2.100 2 373 0.00099 0.00174 1 . 0 0 2 0.0017
HP.4.100 4 373 0.00190 0.00335 1.003 0.0034
HP.8.100 8 373 0.00559 0.00985 1 . 0 1 0 0.0099
HP. 16.100 16 373 0.00995 0.0175 1.018 0.0177
HP.32.100 32 373 0.0123 0.0217 1 . 0 2 2 0 . 0 2 2 0
0.0300
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Graph IV.8: Rate Constant Determination for Ammonia Evolution at 100° C.
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Graph IV.10: Rate Constant Determination for Ammonia Evolution at 200° C.
-40-
y = -7248.4x +11.822 
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Graph IV .ll: Determination of a Temperature Dependant Rate Constant and Activation 
Energy for Abiotic Ammonia Production.
pH Results
The pH data were collected upon completion of each high temperature experiment (Table 
IV. 10). Increases up to 2.2 pH units were observed (Table IV. 10 and Graphs IV. 12 and 
IV. 13). Increases in pH do not correlate consistently with increases in experimental 
duration (Graph IV. 12). Ammonia concentrations below 200 ppm correlate poorly with 
solution pH (R = 0.2315), while ammonia concentrations above 200 ppm correlate well 
with solution pH (R2  = 0.9863) (Graph IV. 14). Hence, ammonia evolution from 
microbial mats has the potential to increase solution pH if  the generated ammonia 
exceeds 200 ppm. At concentrations below 200 ppm, ammonia has no detectable impact 
on pH.
-41 -
Table IV.10: pK Data from H igh""emperature Experiments.
Sample
Name
Temperature
(C)
Duration
(Hours) pH
[NH3]
(ppm)
Starting
Solution 5.10
IIP.2.100 1 0 0 2 4.92 2.93
HP.4.100 1 0 0 4 5.04 5.31
HP.8.100 1 0 0 8 5.20 15.87
HP. 16.100 1 0 0 16 5.44 28.84
HP.32.100 1 0 0 32 5.70 36.2
HP.2.150 150 2 5.11 38.4
HP.4.150 150 4 5.04 47.7
HP.8.150 150 8 4.93 62
HP.16.150 150 16 4.66 97.3
HP.32.150 150 32 4.81 143
HP.2.200 2 0 0 2 4.67 2 0 0
HP.4.200 2 0 0 4 4.83 380
HP.8.200 2 0 0 8 5.19 702
HP. 16.200 2 0 0 16 5.85 928
HP.36.200 2 0 0 36 6.44 1320
HP.72.200 2 0 0 72 7.33 2 0 0 2
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Graph IV.12: pH Change over Time. Error is within the resolution o f  the plot symbol.
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Graph IV.13: Ammonia Concentration versus pH. Error is within the resolution o f the plot 
symbol.
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Graph IV.14: Correlation o f pH for Ammonia Concentrations Above and Below 200
ppm. Error is within the resolution o f  the plot symbol.
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Biotic/Low Temperature Experiments
Experiments between 20° C and 58° C, the observed temperature range of degrading 
cyanobacterial colonies, were conducted to simulate natural degradation conditions. 
Experiments were conducted using water from Octopus Spring to simulate field 
conditions and deionized water to observe pH changes in an unbuffered system.
Initial organic and inorganic contents are 37% (+/- 33%) and 63% (+/- 19%), 
respectively. Post experiment organic contents range from 43% to 11%, and inorganic 
contents range to 57% to 89%. Statistically, the organic content after experimentation is 
significantly lower than that of the initial samples, indicating organic matter is lost during 
experimentation (p=0.0003 for Octopus Spring water experiments and p=0.0004 for 
deionized water experiments).
Elemental analysis indicates that the initial percent carbon, percent nitrogen and carbon 
to nitrogen ratios were 19% (+/- 46%), 1.4% (+/- 43%), and 7 (+/- 11%) respectively. 
Carbon and nitrogen percentages of reacted Octopus Spring water samples were 
statistically lower than those of initial samples (p=0.0006 and 0.0037, respectively). 
However, C/N ratios were not statistically different in the reacted Octopus Spring 
samples versus initial samples (p=0.55). Thus carbon and nitrogen is lost during the 
Octopus Spring water experiments, but neither appear to be lost at a preferential rate. No 
trends were observed in the data sets and no statistically significant differences could be 
determined between percent carbon, percent nitrogen or C/N ratios o f reacted versus 
initial samples for deionized water experiments (P=0.14, P=0.063, and P=0.00001,
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respectively). The large variability in the data set likely reflects microscale variability in 
the composition of the microbial communities within the mat sample and variability in 
inorganic matter percentages.
All o f the low temperature experiments generated measurable ammonia concentrations, 
with a high of 142 ppm for the Octopus Spring water experiments and a high of 87 ppm 
for the deionized water experiments. Experiment duration, temperature, and type of 
water used were all found to be statistically significant controls on the low temperature 
evolution of ammonia from bacterial mats. The ammonia evolved was not found to be 
significant control on pH (r2  values for Octopus Spring and deionized water experiments 
were 0.0021 and 0.0018, respectively). Additionally, pH did not show any discemable 
trends when compared to any of the other parameters measured during these experiments.
Organic and Inorganic Content
Solids recovered after each high temperature experiment were ashed to quantify the dry 
weight amounts and the percentages of organic and inorganic matter remaining upon 
experimental completion (Tables IV. 11, IV. 12, and IV. 13). Ten initial mat samples were 
ashed to determine natural variability in organic/inorganic matter percentages. Median 
inorganic and organic matter percentages were approximately 63% and 37%, 
respectively, and deviated by +/-19%  and +/- 33%, respectively (Table IV. 11).
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Table IV .ll: Percentages of Organic and Inorganic Matter Present in Initial Microbial 
Mat Samples.______________________________________________________________
Sample
Name Sample Type
% Inorganic 
Matter
% Organic 
Matter
oo.os.oo Initial/Unreacted 73.92 26.08
OO.OS2.1 Initial/Unrcacted 62.15 37,85
OO.OS2.2 Initial/Unreacted 57.04 42.96
OO.OS2.3 Initial/Unreacted 62.00 38.00
OO.OS2.4 Initial/Unreacted 51.62 48.38
OO.OS2.5 Initial/Unreacted 60.21 39.79
OO.OS2.6 Initial/Unreacted 51.49 48.51
OO.OS2.7 Initial/Unreacted 50.78 49.22
OO.OS2.8 Initial/Unreacted 74.94 25.06
00.DI.00 Initial/Unreacted 55.84 44.16
Average 52.61 37.39
Median 62.86 37.14
Deviation +/- 19% +/- 33%
Post-experiment ash results are summarized in Tables IV.2.a.2 and IV. Statistically, the 
data reflect a general decrease in organic matter percentage after experimentation versus 
initial samples (Graphs IV.2.a.l and IV.2.a.2, Table IV.2.a.4).
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Table IV.12: Results from Ash Analysis of Low Temperature, Octopus Spring Water 
Experiments Grouped by Experimental Temperature. Error is + / - 19% for inorganic contents 
and 33% for organic contents.___________________________________________________________________
Sample
Name
Duration
(Days)
Temperature
(C)
% Inorganic 
Matter
% Organic 
Matter
5A.OS.20 5 2 0 73.96 26.04
5B.OS.20 5 2 0 67.12 32.88
10.OS.20 1 0 2 0 76.63 23.37
20A.OS.20 2 0 2 0 76.93 23.07
20B.OS.20 2 0 2 0 69.57 30.43
40.0S.20 40 2 0 70.52 29.48
80.0S.20 80 2 0 78.33 21.67
Average 73.29 26.71
5A.OS.35 5 35 77.35 22.65
5B.OS.35 5 35 60.19 39.81
10.OS.35 1 0 35 78.44 21.56
20A.OS.35 2 0 35 79.96 20.04
20B.OS.35 2 0 35 66.34 33.66
40.OS.35 40 35 79.82 20.18
80.OS.35 80 35 75.02 24.98
Average 73.87 26.13
5A.OS.60 5 58 82.19 17.81
5B.OS.60 5 58 78.94 21.06
10.0S.60 1 0 58 70.43 29.57
20A.OS.60 2 0 58 69.30 30.70
20B.OS.60 2 0 58 77.55 22.45
40.0S.60 40 58 81.00 19.00
80.0S.60 80 58 82.36 17.64
Average 77.40 22.60
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Table IV.13: Results from Ash Analysis of Low Temperature, Deionized Water 
Experiments Grouped by Experimental Temperature. Error is +/-19%  for inorganic contents and 
33% for organic contents._________
Sample
Name
Duration
(Days)
j Temperature
i (C)
; %  Inorganic j 
I Matter j
%  Organic 
Matter
5A.DI.20 ! 5 j 20 70.21 29.79
5B.DI.20 I 5 I 20 S 78.83 ! 21.17
10A.DI.20 10
i
20 57.33 ! 42.67
10B.DL20 ! io 20 69.83 30.17
20.DI.20 20 20 69.19 30.81
40.DI.20 40 20 I 70.46 1 29.54
80.DI.20 80 I 20 ! 69.83 30.17
1 Average 69.38 30.62
5A.DI.35 1 5 1 35 1 79.40 20.6
5B.DI.35 I 5 I 35 I 74.43 1 25.57
10A.DI.35 ! 10 1 35 I 73.55 j 26.45
10B.DI.35 ! io ! 35 | 76.04 23.96
20.DI.35 i 20 | 35 I 89.19 10.81
40.DI.35 40 ! 35 ! 75.75 i 24.25
80.DI.35 80 ! 35 ! 77.58 22.42
Average 77.99 22.01
5A.DI.60 ! 5 58 78.70 j 21.30
5B.DI.60 i 5 58 1 75.49 I 24.51
10A.DI.60 10 58 I 83.32 | 16.68
10B.DI.60 10 58 I 60.89 39.11
20.DI.60 I 20 1 58 ! 66.34 ! 33.66
40.DI.60 | 40 ! 58 87.56 ! 12.44
80.DI.60 80 i 58 82.33 1 17.67
Average 76.38 23.62
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Statistical analyses were performed using t-tests for two data sets with unequal variances 
and a confidence interval of 95%. When data sets are grouped by temperature, all of the 
experimental data sets are found to be statistically higher in ash content (inorganic 
matter) than the original samples, indicating that some organic matter is consumed during 
the experiments (Table IV. 14).
Table XV.14: Summary of statistical comparison of percent inorganic matter for all final 
product values for each temperature to initial mat sample values. Data sets are 
considered significantly different when t > t-critical.______________________________
Experimental 
Data Sets
Comparative 
Data Set
Confidence
Interval t-Critical t P
D I20° C Initial 95% 2.1315 2.5849 0 . 0 2 1
OS 20° C Initial 95% 2.1447 4.1704 0.00094
D I35° C Initial 95% 2.1315 5.2902 0.000091
OS 35° C Initial 95% 2.1448 3.4800 0.0037
D I58° C Initial 95% 2.1788 3.5927 0.0037
OS 58° C Initial 95% 2.1315 5.0719 0.00014
Statistical review of the experimental data grouped by time was also performed (Table 
IV. 15). Seven of the ten data sets contain statistically higher inorganic matter than the 
initial samples; data sets with no statistical difference from initial samples were all 
deionized water experiments (Table IV. 15).
Overall ash content results indicate that small amounts of organic matter are consumed 
during the experiments. Also, there is a large variability in inorganic content within 
cyanobacterial mat samples that appear to be visibly similar.
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Table IV.15: Summary of statistical comparison of percent inorganic matter for all final 
product values for each experimental duration to initial mat sample values. Data sets are 
considered significantly different when t > t-critical. Italicized t values highlight time-dependant data sets 
that were not significantly different from the initial data set (t < t-critical).____________________________
Experimental 
Data Set
Comparative 
Data Set
Confidence
Interval t-Critical t P
OS 5 Day Initial 95% 2.201 3.065 0.011
DI 5 Day Initial 95% 2.160 5.209 0.00017
OS 10 Day Initial 95% 2.306 4.139 0.0033
DI 10 Day Initial 95% 2.228 2.109 0.061
OS 20 Day Initial 95% 2.145 3.728 0.015
DI 20 Day Initial 95% 3.182 1.937 0.0022
OS 40 Day Initial 95% 2.571 3.976 0.011
DI 40 Day Initial 95% 3.182 3.116 0.053
OS 80 Day Initial 95% 2.262 5.349 0.0005
DI 80 Day Initial 95% 2.571 3.634 0.015
Carbon and Nitrogen Content
An analysis to determine the carbon, hydrogen and nitrogen (CHN) content o f starting 
bacterial mat samples and samples collected upon experimental completion are 
summarized in Tables IV. 16 - IV. 19. Several split samples were analyzed to quantify the 
error associated with natural mat communities, and are designated with a “2 ” after the 
water type, i.e. 20A.OS2.20. Only the carbon and nitrogen results will be presented and 
addressed, as those are the values of primary significance to this study.
Analysis of nine replicate samples o f the original unreacted cyanobacterial mat sample
yield median percent carbon and percent nitrogen values of 19.07 and 2.52, respectively,
and range in value by +/- 45% and +/- 43% respectively (Table IV. 16). The median
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carbon to nitrogen ratio for initial samples is 7 (+/- 11%). A portion of this error can be 
attributed to the large variation in inorganic matter present in the sample, which has 
already been discussed. However, the range in CHN data is much greater than that 
observed in the ash results.
Table IV.16: Summary of CHN Analysis Results on Initial Mat Samples (analytical 
results were +/- 7%)._______________________________________________________
Sample Name %  Carbon %  Nitrogen C/N
oo.os.oo 10.37 1.65 6.28
00.OS2.01 18.34 2 . 6 6 6.89
00.OS2.02 21.04 3.02 6.97
00.OS2.03 17.17 2.58 6 . 6 6
00.OS2.04 25.49 3.50 7.28
00.OS2.05 19.39 2.62 7.40
00.OS2.06 25.70 3.60 7.14
00.OS2.07 25.74 3.46 7.44
00.OS2.08 11.09 1.43 7.76
Average 19.37 2.72 7.09
Median 19.07 (+/- 46%) 1.43 (+/. 4 3 %) 7.02 (+/- 11%)
The range of error for the replicate and split samples is greater than that observed in the 
initial sample results, with errors for percent carbon, percent nitrogen and carbon to 
nitrogen ratio as high as +/-53%, +/-47%, and +/-62%, respectively (Table IV. 17). 
Statistical analysis o f data from Octopus Spring water experiments as a whole indicates 
that percent carbon and percent nitrogen are lower when compared to initial mat samples 
(p=0.0006 and p=0.0037, respectively; similar comparison for C/N values indicate no 
statistical difference between reacted samples and initial samples (p=0.55). Thus, carbon
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and nitrogen are being consumed during experimentation, however neither seems to be 
lost at a preferential rate.
Table IV.17: Summary of CHN Analysis Results from Replicate and Split Samples of 
Octopus Spring Water Experiments.___________________________________________
Sample Duration
Name (Days) % Carbon %  Nitrogen C/N
20.0S.20 2 0 12.77 1 . 8 8 6.79
20B.OS.20 2 0 13.13 1.89 6.95
20A.OS2.20 2 0 20.45 2 . 8 6 7.15
20B.OS2.20 2 0 6.28 1.03 6 . 1 0
20C.OS2.20 2 0 20.16 2.62 7.70
20D.OS2.20 2 0 15.51 1.99 7.79
Average 14.72 2.05 7.08
M edian 13.37 1.95 6.63
E rro r + / -  53% +/- 47% +/- 8%
20.OS.35 2 0 8.59 0.98 8.77
20B.OS.35 2 0 14.45 2.05 7.05
20A.OS2.35 2 0 9.51 1.96 4.85
20B.OS2.35 2 0 1 1 . 1 0 2.74 4.05
20C.OS2.35 2 0 14.69 2.03 7.24
20D.OS2.35 2 0 8.70 1.29 6.74
Average 11.17 1.84 6.45
M edian 11.64 1.86 6.41
E rro r +/- 26% +/- 47% +/- 37%
20A.OS.60 2 0 1 2 . 6 6 1.84 6 . 8 8
20B.OS.60 2 0 10.58 1.45 7.30
20B.OS2.60 2 0 5.16 2.99 1.73
20C.OS2.60 2 0 10.05 1.43 7.03
20D.OS2.60 2 0 7.71 1 . 1 1 6.95
Average 9.23 1.76 5.98
Median 8.91 2.05 4.52
E rro r +/- 42% +/- 46% +/- 62%
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Table IV.18: Summary of Carbon, Nitrogen, and C/N Results for all Experiments 
Conducted with Octopus Spring Water (analytical error is +/-7%).______________
Sample
Name
Temperature
(C)
Duration
(Days) % Carbon % Nitrogen C/N
5.0S.20 2 0 5 11.40 1.39 8 . 2 0
5B.OS.20 2 0 5 12.08 1 . 6 8 7.19
10.OS.20 2 0 1 0 9.44 0.98 9.63
20.0S.20 2 0 2 0 12.77 1 . 8 8 6.79
20B.OS.20 2 0 2 0 13.13 1.89 6.95
20.0S2.20 2 0 2 0 20.45 2 . 8 6 7.15
20B.OS2.20 2 0 2 0 6.28 1.03 6 . 1 0
20C.OS2.20 2 0 2 0 20.16 2.62 7.70
20D.OS2.20 2 0 2 0 15.51 1.99 7.79
40.0S.20 2 0 40 12.94 1.70 7.61
80.0S.20 2 0 80 1 0 . 1 2 1.23 8.23
5A.OS.35 35 5 11.73 1.48 7.93
5B.OS.35 35 5 19.74 2.81 7.03
5.0S2.35 35 5 11.09 1.42 7.81
10.OS.35 35 1 0 9.17 1 . 1 0 8.34
20.OS.35 35 2 0 8.59 0.98 8.77
20B.OS.35 35 2 0 14.45 2.05 7.05
20A.OS2.35 35 2 0 9.51 1.96 4.85
20B.OS2.35 35 2 0 1 1 . 1 0 2.74 4.05
20C.OS2.35 35 2 0 14.69 2.03 7.24
20D.OS2.35 35 2 0 8.70 1.29 6.74
40.OS.35 35 40 9.69 1 . 1 2 8.65
80.OS.35 35 80 1 1 . 8 8 1.39 8.55
5.OS.60 58 5 6.99 0.81 8.63
5B.OS.60 58 5 8.81 1.17 7.53
5.OS2.60 58 5 18.40 2.48 7.42
5B.OS2.60 58 5 17.79 2.60 6.84
10.OS.60 58 1 0 14.05 1.79 7.85
20A.OS.60 58 2 0 1 2 . 6 6 1.84 6 . 8 8
20B.OS.60 58 2 0 10.58 1.45 7.30
20B.OS2.60 58 2 0 5.16 2.99 1.73
20C.OS2.60 58 2 0 10.05 1.43 7.03
20D.OS2.60 58 2 0 7.71 1 . 1 1 6.95
40.0S.60 58 40 7.44 1.07 6.95
80.0S.60 58 80 7.55 0 . 8 6 8.78
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Table IV.19: Summary of Carbon, Nitrogen, and C/N Results for all Experiments
Conducted with Deionized Water (analytical error is +/-7%).
Sample I Temperature 
Name C
Duration
(Days) %  Carbon %  Nitrogen C/N
5A.DI.20 20 5 13.09 1.71 7.65
5B.DI.20 20 5 9.15 1.19 7.69
10A.DI.20 20 1 0 19.80 2.62 7.56
10B.DI.20 ! 20 1 0 13.59 1 . 8 8 7.23
20.DI.20 20 2 0 14.87 2 . 1 0 7.08
40.DI.20 20 40 12.24 1.45 8.44
80.DI.20 20 80 12.81 1.77 7.24
5A.DI.35 35 5 8.76 1.03 8.50
5B.DI.35 35 5 11.29 1.57 7.19
10A.DI.35 35 1 0 9.14 1.15 7.95
10B.DI.35 35 1 0 1 2 . 1 2 1.55 7.82
20.DI.35 35 2 0 4.90 0.75 6.53
40.DI.35 35 40 8.99 0.91 9.88
80.DI.35 35 80 8.33 1.08 7.71
5A.DI.60 58 5 9.58 1 . 1 1 8.63
5B.DI.60 58 5 9.82 1.23 7.98
10A.DI.60 58 1 0 7.66 0.74 10.35
10B.DI.60 58 1 0 18.52 2.70 6 . 8 6
20.DI.60 58 2 0 13.55 1.82 7.45
40.DI.60 58 40 5.62 0.76 7.39
80.DI.60 58 80 7.53 1.28 5.88
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Statistical analysis o f data from deionized water experiments indicates that there is no 
difference in percent carbon, percent nitrogen between reacted and initial samples 
(p=0.14 and p=0.063, respectively). However, C/N ratios were significantly higher in 
reacted samples than in the initial samples (p=0 .0 0 0 0 1 ), indicating the preferential loss of 
nitrogen versus carbon during experimentation.
Ammonia Production
Ammonia analysis was conducted on all samples immediately after the completion of 
each experiment. The results from the ammonia analysis for the Octopus Spring water 
and deionized water experiments are summarized in Tables IV.20 and IV.21, 
respectively. Splits were made of all samples and ammonia analysis was conducted on 
each split; for the purpose of this work, the average value is discussed and the analytical 
error is calculated as half the range. Killed control experiments were conducted at each 
temperature where in all microbes were poisoned with 0.5g mercuric iodide to prevent 
biotic production of ammonia and are designated as C.OS.20, C.OS.35 and C.OS.60.
All o f the Octopus Spring Water experiments generated ammonia concentrations higher 
than those observed in the controls (Table IV.20), indicating ammonia was produced 
from the biotic degradation of bacterial mat material in each of these experiments. Small 
amounts of ammonia were also measured in the killed control experiments, indicating 
either small concentrations of ammonia were present in the initial sample and/or some 
abiotic ammonia generation took place in the low temperature experiments.
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Table IV.20: Summary of Ammonia Production from Octopus Spring Water
Experiments._______________________________________________________
Sample Name
Tem perature
(C)
Duration
(Days)
Average [NH3] 
ppm
+/- 
%  E rro r
C.OS.20 2 0 80 0.69 4.15
C.OS.35 35 80 1.29 1.55
C.OS.60 58 80 0.15 1 . 0 0
5A.OS.20 2 0 5 2.39 1.47
5B.OS.20 2 0 5 2.30 0.65
10.OS.20 2 0 1 0 1.69 0.59
20A.OS.20 2 0 2 0 4.11 0.24
20B.OS.20 2 0 2 0 2.99 1.17
40.0S.20 2 0 40 10.95 0.46
80.0S.20 2 0 80 35.95 0.42
5A.OS.35 35 5 5.03 0.99
5B.OS.35 35 5 2.40 2.08
10.OS.35 35 1 0 2.43 3.92
20A.OS.35 35 2 0 5.35 0.84
20B.OS.35 35 2 0 4.75 0.63
40.OS.35 35 40 18.25 1.92
80.OS.35 35 80 76.45 1.37
5A.OS.60 58 5 1.45 1.38
5B.OS.60 58 5 23.10 4.33
10.0S.60 58 1 0 29.45 0.51
20A.OS.60 58 2 0 87.65 0.17
20B.OS.60 58 2 0 91.40 0 . 2 2
40.0S.60 58 40 142.00 1.41
80.0S.60 58 80 77.95 0.19
* C.OS. XX experiments are killed controlled experiments. All Octopus Spring water 
experiments produced ammonia concentrations greater than the killed controlled 
experiments.
- 5 7 -
Table IV.21: Summary of Ammonia Production from Deionized Water Experiments. Values
in bold indicate ammonia values greater than observed killed control concentrations.
Sample
Name
Tem perature
(C)
Duration
(Days)
Average [NH3] 
ppm
+/- 
%  E rro r
5A.DI.20 2 0 5 0.96 0 . 6 8
5B.DI.20 2 0 5 0.57 0.44
10A.DI.20 2 0 1 0 0.93 0.70
10B.DI.20 2 0 1 0 0.54 0.55
20.DI.20 2 0 2 0 2.63 1.71
40.DI.20 2 0 40 6.67 3.15
80.DI.20 2 0 80 41.10 0.73
5A.DI.35 35 5 0.94 0.37
5B.DI.35 35 5 0.81 1.97
10A.DI.35 35 1 0 0.63 9.79
10B.DI.35 35 1 0 0.80 1.56
20.DI.35 35 2 0 3.96 1.64
40.DI.35 35 40 7.98 3.76
80.DI.35 35 80 51.50 0.19
5A.DI.60 58 5 3.25 0.46
5B.DI.60 58 5 4.75 0 . 2 1
10A.DI.60 58 1 0 17.00 0.59
10B.DI.60 58 1 0 69.30 4.04
20.DI.60 58 2 0 75.50 0.13
40.DI.60 58 40 52.80 0.19
80.DI.60 58 80 86.90 2.19
All of the deionized water experiments also produced measurable concentrations of
ammonia. However, only durations o f 20 days or longer at 20° C and 35° C and 10 days
or longer at 58° C were observed to produce ammonia concentrations greater than the
ammonia concentrations o f the killed control experiments (Table IV.21). The “slow
start” o f ammonia production is likely due to the dramatic change in solution of ionic
strength between the natural waters o f Octopus Spring where the bacterial mats were
collected and the deionized water used in these experiments. It appears that several days
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were needed for the ammonifying microbial population of the sample to rebound 
sufficiently to effectively generate ammonia. The stress caused by this solution change 
affected an overall reduction in the total amounts of ammonia produced, with a high of 
approximately 87 ppm (80 hours at 58° C) observed from the deionized water 
experiments compared to a high of approximately 142 ppm (40 hours at 58° C) for the 
Octopus Spring water experiments (Tables IV.20 -  IV.21).
Ammonia concentrations generally increase over time (Graphs IV. 15 and IV. 16). In 
general, the 58° C experiments produced significantly greater ammonia concentrations 
than the 20° C and 35° C experiments. This may be because 58° C is the optimum 
temperature range of the bacterial colonies used in these experiments (Brock, 1978); 
thermal stress on the mats was much less at 58° C than at 20° C and 35° C. The reduced 
stress on the bacterial colonies in the 58° C experiments facilitated the production of 
ammonia and produced the greatest concentrations of ammonia overall, with a high o f 8 . 2  
ppm NH 3 /g solution occurring in the Octopus Spring, 40-hour, 58° C experiment (Table 
IV.20).
Deionized water experiments exhibited similar results. Ammonia concentrations 
generally increase over time (Graphs IV. 17 and IV. 18). Also the 58° C experiments 
generally produced larger concentrations of ammonia than the lower temperature 
experiments (Graphs IV. 17 and IV. 18).
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Overall, measurable ammonia concentrations were evolved from cyanobacterial mats 
though biotic processes. Primary controls on the production of ammonia for the low 
temperature, biotic experiments were observed to be temperature, time and solution 
chemistry. Conditions similar to those observed in thermal springs caused the least stress 
to the microbial communities in the sample and increased the ammonia concentrations 
generated; conversely, altering ionic strength and temperatures outside the optimal range 
for the microbial communities likely increased stress and decreased the ammonia 
concentrations generated.
pH Results
The pH was measured in all samples immediately after the completion of each 
experiment. The pH data for the Octopus Spring water and deionized water experiments 
are presented in Tables IV.22 and IV.23, respectively. As with the ammonia data, splits 
were analyzed for all samples and the data presented in this section are the average pH 
values of the combined split values from each sample. The change in pH was 
consistently positive for the deionized water experiments, while pH changes for the 
Octopus Spring water experiments reflect both increases and decreases (Tables IV.22 -
IV.23). However, observed changes in pH cannot be correlated to ammonia 
concentrations for these data sets (Graphs IV. 19 -  IV.20); therefore the increased pH 
values observed in the deionized water experiments are likely due to the addition of the 
highly buffered, high pH thermal spring water from the pore space of the bacterial mats.
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The solution pH for these low-temperature, biotically mediated experiments is not 
controlled by the evolution of ammonia from the bacterial mats.
Tahle TV.22: Summary of pH results from Octopus Spring Water Experiments
Sample
Name
Temperature
(C)
Duration
(Days)
Initial
pH
Average
pH
+/- 
% Error
Avg. pH 
Change
C.OS.20 2 0 80 8.44 7.446 0.081 -0.994
C.OS.35 35 80 8.44 7.671 0.013 -0.769
C.OS.60 58 80 8.44 6.755 0.037 - 1 . 6 8 6
5A.OS.20 2 0 5 8.44 9.089 0 . 0 2 2 0.649
5B.OS.20 2 0 5 8.44 8.935 0.056 0.495
10.OS.20 2 0 1 0 8.44 7.799 0.038 -0.641
20A.OS.20 2 0 2 0 8.44 7.747 0.006 -0.693
20B.OS.20 2 0 2 0 8.44 6.830 0.146 -1.610
40.0S.20 2 0 40 8.44 6.600 0.303 -1.840
80.0S.20 2 0 80 8.44 6.808 0.029 -1.632
5A.OS.35 35 5 8.44 8.145 0.074 -0.295
5B.OS.35 35 5 8.44 8.390 0.358 -0.050
10.OS.35 35 1 0 8.44 6.640 0.452 -1.800
20A.OS.35 35 2 0 8.44 6.610 0 -1.830
20B.OS.35 35 2 0 8.44 6.450 0.155 -1.990
40.OS.35 35 40 8.44 6.640 0.151 -1.800
80.OS.35 35 80 8.44 6.810 0.037 -1.631
5A.OS.60 58 5 8.44 6.555 0.076 -1.885
5B.OS.60 58 5 8.44 6.505 0.384 -1.935
10.0S.60 58 1 0 8.44 6.315 0.079 -2.125
20A.OS.60 58 2 0 8.44 6.290 0.159 -2.150
20B.OS.60 58 2 0 8.44 6.175 0.405 -2.265
40.0S.60 58 40 8.44 8.845 0.057 0.405
80.0S.60 58 80 8.44 7.342 0 . 2 1 1 -1.099
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Table IV.23: Summary of pH results from Dionized Water Experiments.
Sample 1 Temperature
N 1 (C )ame
Duration
(Days)
pH
(initial)
Average
pH
+/- 
% Error
Avg. pH 
C hange_
5A.DI.20 | 20 5 5.600 6.560 0.152 0.960
5B.D1.20 | 20 5 5.600 6.635 0.075 1.035
10A.DI.20 I 20 10 5.600 6.435 0.233 0.835
10B.DL20 | 20 10 5.600 6.585 0.076 0.985
20.DI.20 | 20 20 5.600 6.225 0.241 0.625
40.DI.20 | 20 40 5.600 6.698 0.149 1.098
80.DI.20 20 80 5.600 6.277 0.183 0.677
5A.DI.35 | 35 5 5.600 6.330 0.316 0.730
5B.DI.35 | 35 5 5.600 6.430 0.156 0.830
10A.DI.35 1 35 10 5.600 6.095 0.246 0.495
10B.DI.35 | 35 10 5.600 6.165 0.081 0.565
20.DI.35 | 35 20 5.600 6.500 0.154 0.900
40.DI.35 | 35 40 5.600 6.557 0.221 0.957
80.DI.35 | 35 80 5.600 6.418 0.242 0.818
5A.DI.60 | 58 5 5.600 6.235 0.080 0.635
5B.DI.60 I 58 5 5.600 5.985 0.084 0.385
10A.DI.60 | 58 10 5.600 5.950 0.168 0.350
10B.DI.60 I 58 10 5.600 5.760 0 0.160
20.DI.60 1 58 20 5.600 6.020 0.332 0.420
40.DI.60 1 58 40 5.600 7.234 0.014 1.634
80.DI.60 | 58 80 5.600 6.850 0.022 1.250
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Field Investigations
Field investigations were conducted to assess ammonia concentrations in cyanobacterial 
mat communities. Ammonia concentrations ranged from about 0.06 ppm to 1.2 ppm; the 
highest ammonia concentrations were found in moderately silicified microbial mats 
(Table IV.24). Weight percent carbon and nitrogen values decreased markedly with 
increased silicification and decomposition (Table IV.24). Carbon to nitrogen ratios 
ranged from a low near 7 to a high near 35 (Table IV.24). C/N ratios generally increased 
with increasing silicification and decomposition of the microbial mats, indicating 
preferential loss of nitrogen relative to carbon during early diagenesis.
Field Approach
Initially field investigations centered on collecting aqueous samples for ammonia analysis 
and measuring pH and temperature along transects believed to reflect decreasing viability 
states of the microbial mat communities. These early transects were based upon the color 
o f microbial communities and a disposable pipette was used to collect interstitial waters.
i
However, the color of the communities varies considerably seasonally and with generic 
composition of the community and was there for unreliable. Later temperature was used 
to define transects, but no detectable ammonia concentrations were found. Use of the 
disposable pipette did not yield aqueous samples containing detectable concentration of 
ammonia nor did the subsequent use of 16-gauge syringes, the failure of both may have 
been dilution from the surface waters flowing over the microbial communities.
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During the final field occupation, small cores were taken of microbial mat communities 
using small centrifuge tubes, placed on ice and centrifuged in the laboratory within 24 
hours. Transects were taken in the cooler, marginal areas of the spring where 
communities were undergoing decomposition and showed visible signs o f silicification. 
Transects began in areas exhibiting advanced stages of silicification where microbial 
forms were preserved and organic matter still evident, but were largely entombed in 
silica; coring progressed into areas where silicification was evident, but was still 
primarily gelatinous and often formed on bubble-like structures on the upper portions of 
the microbial mats.
The aqueous samples collected using the final method were found to have detectable 
ammonia concentrations. However their volume was insufficient for pH analysis, 
subsequent sampling using this method would be more fruitful if larger centrifuge tubes 
were used.
Organic and Inorganic Content
Cored bacterial mat samples were dried and pulverized to maximize homogeneity after
being centrifuged. Samples were then ashed to obtain weight percent organic and
inorganic matter content (Table IV.24). Percent organic content ranged from a high of
about 62% to a low of about 7.4%. Within each transect, organic content decreased with
increased silicification, reflecting loss of organic matter by degradation and
contemporaneous inorganic increase due to silica precipitation (Graph Series IV.21). The
most highly silicified samples analyzed (950603.1 A, -.IB, -.IE, -.1H and 950603.2A-
.2C) contained similar organic percentages ranging from 6.59 to 10.3.
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Table IV.24: Summary of analysis o f field core samples. NA indicates that no analysis 
was performed due to insufficient volume of interstitial waters._______________________
Sample Name Degree of Silicification [NH3]
ppm
% Organic 
Matter
%
Carbon
%
Nitrogen C/N
Transect One:
9 5 0 6 0 3 .1A High, primarily entombed 0 .0 6 2 4 8.16 2 .58 0 .14 19 1
9 5 0 6 0 3 . IB Mod-high 0 .0725 10.3 3 .92 0 .24 16.3
9 5 0603 .1C Moderate, some solid ppt 0 .0895 11.7 3.33 0 .22 15.5
9 5 0 6 0 3 . ID Low, gelatinous bubbles 0.161 44 .2 17.8 2 .52 7 .07
Transect
Two:
950 6 0 3 . IE High, primarily entombed 0 .244 7.38 3.63 0 50 7 .26
9 50 6 0 3 . IF Moderate 1.17 22 .8 12.2 1.02 12.0
9 5 0 6 0 3 .1G Low-Mod, gelatinous + solid 0.795 25 .8 12.9 1.79 7.21
Transect
Three:
9 5 0 6 0 3 .1H High, primarily entombed 0 .0 3 2 9 23 1 8.33 0 .57 14.7
950603 .11 Low-Mod, gelatinous + solid 0 .4 3 6 61 .9 2 .57 0.21 12.5
Additional:
9 5 0 6 0 3 .2 A High, primarily entombed NA 6 .59 2 .42 0 15 16.13
9 5 0 6 0 3 .2 B High, primarily entombed NA 8.64 2 .8 7 0.31 9 .26
9 5 0 6 0 3 .2C High, primarily entombed NA 9 .60 2 .78 0 .08 34 .75
Carbon and Nitrogen Content
Analysis for percent carbon and nitrogen was conducted using dried, pulverized bacterial 
mat cores after centrifuging. Error for reported values was determined using split 
samples, values reported and discussed are mean values and error is calculated as half of 
the maximum observed range. Percent carbon ranged from 17.8 to 2.58 (+/- 13%) in 
samples 950603.ID and 950603.1 A, respectively; percent nitrogen ranged from 2.52 to 
0.08 (+/- 17%) in samples 950603.ID and 950603.2C, respectively (Table IV.24). 
Percent carbon consistently decreased with increasing silicification and diagenesis within
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each transect. Percent nitrogen decreased with increasing silicification and diagenesis in 
Transects One and Two, but results were anomalous in Transect Three (Table IV.24).
Carbon to nitrogen ratios ranged from 34.8 to 7.07 in samples 950603.2C and 
950603.ID, respectively. Carbon to nitrogen ratios generally increased markedly with 
increasing decomposition and silicification (Table IV.24), indicating preferential loss of 
nitrogen during early diagenesis.
Ammonia Production
Using the coring and centrifuging method, detectable ammonia samples were found in all 
samples containing sufficient interstitial water for analysis (Table IV.24). Ammonia 
concentrations ranged from 1.17 ppm to 0.0329 ppm in samples 950603.IF and 
950603.1H, respectively. Ammonia concentrations were highest in samples with visible 
but moderate silicification. Ammonia concentrations were at least an order of magnitude 
lower in proximal samples within each transect that exhibited more advanced 
silicification (Graph Series IV.22). This trend suggests that ammonia production to the 
aqueous phase is highest during the earliest stages of diagenesis. The gelatinous siliceous 
“bubbles” commonly observed in microbial mats in marginal environments indicative of 
early diagenesis may also serve as a cap that retains ammonia.
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V. Discussion
The simple ecology, nitrogen-rich organic matter, and low carbon to nitrogen ratio 
(approximately 6.5) of the Yellowstone cyanobacterial mats used in this study are 
analogous to key aspects of ancient microbial systems and modem deep marine systems 
(Knoll and Awramik, 1983; Ittekkot et al, 1984; Pierson, 1984; Jorgensen and Revsbech, 
1989; Des Marias et al, 1992). Early diagenetic processes in all three systems are also 
similar in many biogeochemical respects. The results of this study on the degradation of 
Yellowstone cyanobacterial mats (YCM) are comparable with studies conducted on other 
modem microbial mat communities, deep marine diagenetic studies and investigations of 
ancient microbial remains in the rock record.
In experiments to investigate the effect of the decomposition of nitrogen-rich organic 
matter on solution chemistry and the early diagenetic environment, Berner (1968) placed 
fish in small solution filled jars for 65 to 205 days at ambient room temperatures. The 
study revealed that high concentrations of ammonia could be generated during early 
diagenesis (Berner, 1968). An ammonia concentration maximum o f220 ppm in a filtered 
seawater solution was observed after 135 days, and of 450 ppm in a 0.125 M CaCI2  
solution after 205 days. The experiment highlighted the potential for rapid formation of 
ammonia, which increased pH by as much as 2.3 units and facilitated the precipitation of 
calcium carbonate.
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The high and low temperature degradation experiments using the Yellowstone microbial 
mats indicate cyanobacterial mat communities as a nitrogen-rich organic matter source 
yields a similar ammonia production potential to those found in Berner’s experiments. 
High temperature YCM experiments generated an ammonia concentration maximum of 
2002 ppm after 72-hours at 200° C. Low temperature (20-58° C) YCM experiments 
generated ammonia concentration maximums of 142 ppm after 40 days in Octopus 
Spring water and 87 ppm after 80 days in deionized water (both were at a controlled 58° 
C). It was logistically not possible to conduct longer low temperature experiments for 
this study, but based on the high temperature results it appears that higher ammonia 
concentrations might be expected from longer duration experiments.
The ammonia concentrations generated from the decomposition of the smelt and 
butterfish raised solution pH by 2.3 units in the seawater experiments and 2.2 units in the 
calcium chloride experiments indicating ammonia production strongly affected resulting 
pH values (Berner, 1968). Ammonia concentrations generated in the low temperature 
experiments o f this study did not have any apparent affect on observed pH values in 
either the deionized water or Octopus Spring water experiments. However, ammonia 
generated in the high temperature experiments raised solution pH as much as 2.6 units. 
Ammonia concentrations above 200 ppm controlled solution pH values (r2=0.986) in the 
high temperature experiments.
Ammonia generation in the low temperature experiments was consistently higher in the
58° C experiments relative to the 20° C and 35° C experiments conducted, and was also
-73-
consistently higher in the Octopus Spring water experiments when compared to 
equivalent time and temperature experiments run with deionized water. Optimum 
temperatures for the dominant mat forming Synechococcus lividus range from 50° C to 
65° C (Brock, 1978). Optimum temperatures for decomposition of the Yellowstone 
microbial mats was determined to lie between 52° - 56° C and were associated with 
conditions favoring active photosynthesis (Doemel and Brock, 1977; Brock 1978). The 
health of the microbial system has been found to important in the generation of ammonia, 
conditions that favor overall health of the mat community under natural also favor 
ammonia production (Brock, 1978). Results from the low temperature experiments 
indicate that optimum growth temperatures also produce maximum ammonia 
concentrations. Preliminary field results also show that higher ammonia concentrations 
are found in healthier mats in warm waters (above 40° C) versus partially to highly 
silicified microbial mats in colder areas with little or no water.
Ammonia concentrations ranged from 0.06 ppm (sample 950603.1A) to 1.17 ppm
(sample 950603.IF) was observed in the cored YCM field samples. Field results from
cyanobacterial cores in a marine sabkha environment resulted in in situ ammonia
concentrations ranging from 0.528 ppm to 3.849 ppm (Lyons et al, 1984). Lyons (1984)
results, while somewhat higher (and are considered by the authors to be minimum values
due to a two week delay in analysis for ammonia), are comparable to the results of this
investigation, but are dramatically lower than controlled laboratory experiments suggest
are possible. The reasons of the discrepancy may lie in insufficient field sampling and
the need for greater refinement of sampling technique. A more representative cross
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section of ammonia concentrations in microbial mats would be obtained from defining 
areas o f microbial mats based on temperature and degree of silicification, then collecting 
multiple samples from each area type. Additionally, using methods that isolate interstitial 
waters from within the microbial mats and minimize dilution from overlying spring 
waters are likely to result in more accurate and higher ammonia concentrations.
It may also be possible that consumption of ammonia is great enough even in most 
diagenetic situations that concentrations do not reach potential maxima. However, rapid 
burial or sealing of a system (microbial organic matter and interstitial waters) during the 
early stages of diagenesis may provide conditions conducive to the formation of greatly 
elevated ammonia concentrations. Since the entombment of microbial communities can 
be rapid in hot spring environments, further investigation of ammonia concentrations in 
the pore waters of these mats is warranted.
Kinetic calculations based upon the high temperature experiments resulted in an 
activation energy of 74.1 kJ/mol (17.7 kcal/mol) and an Arrhenius constant of 11.822. 
Given that the bulk of cyanobacterial mat organic matter has been shown to be amino 
acids and carbohydrates (Aizenshtadt et al., 1984; Ward, 1984), it is most likely that the 
majority of the ammonia produced is from the breaking of nitrogen bonds and removal of 
amino groups during deamination of amino acids and amino sugars. Nitrogen bond 
energies range from 159 to 272 kJ/mol at 25° C 
(http://chemistrv.about.com/librarv/weeklv/blbondenergies.htm. December 12, 2003) and 
activation energies and Arrhenius constants for selected amino acids range from 9.32 to
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108.22 kJ/mol and between -4.50 to 33.2, respectively (Table V.l,  Ionita et al, 2000). 
The activation energy and Arrhenius constant calculated from the Yellowstone mat 
experiments is well within the range of those reported for amino acids, thus is likely a 
reflection of the combined deamination reactions of various amino acids and amino 
sugars within the cyanobacterial mat.
Table V .l: Activation energies for oxidative deamination of amino acids by free stable 
hydrazyl radicals (from Ionita et al, 2000).___________________ _____ ______________
Amino Acid Ea1 (kJ/mol) Ea (kJ/mol) In A1 In A2
Histadine 9.32 11.96 -4.503 4.05
Leucine 42.12 73.62 -3.835 18.39
Methionine 108.22 37.00 33.193 5.44
Proline 18.36 49.86 -1.166 9.78
Serine 20.65 37.89 0.426 5.48
Threonine 21.105 68.22 0.353 19.84
Tryptophan 14.21 31.74 11.00 4.85
indicates deamination by free radical I, 
2 indicates deamination by free radical II.
The generation of high concentrations of ammonia under high temperature, anoxic 
conditions suggests that preserved organic matter (kerogens and protokerogens) could 
produce a high ammonia, high pH environment in later stages of diagenesis. Research by 
Aizenshtat et al (1984) found that protokerogens from cyanobacterial mats of Solar Lake 
(Sinai) were “still rich in oxygen and protein structures.” Additionally, approximately 
two-thirds of the nitrogen in the protokerogens were in the form of amino acids and 
amino sugars and contained as much as 8% nitrogen by weight (Aizenshtat et al, 1984),
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which suggests that microbial organic matter could contain sufficient nitrogen to affect
later stage diagenetic processes.
Initial percent carbon, percent nitrogen and carbon to nitrogen (C/N) ratios averaged 
approximately 18%, 2.3% and 7, respectively, which agree well with literature values 
(Aizenshtat et al, 1984; Ittekkott, 1984; Des Marias et al, 1992). Carbon to nitrogen 
ratios are observed to generally increase in both the low temperature and high 
temperature laboratory experiments, reflecting the preferential loss of nitrogen during 
early diagenesis. An increase in carbon to nitrogen ratios is commonly observed during 
degradation of nitrogen-rich organic matter (Muller, 1977; Aizenshtat et al, 1984; 
Ittekkot et al, 1984; Jorgensen and Revsbech, 1989).
Reported carbon to nitrogen ratio maxima for marine sediments and microbial mats
undergoing early diagenesis are remarkably similar: 12 (Aizenshtat et al, 1984) 13
(Ittekkot et al, 1984), 15 (Muller, 1977), 16 (Jorgensen and Revsbech, 1989). Maximum
carbon to nitrogen ratios from the low and high temperature experiments of this study
were 9.63 (Octopus Spring water 10-hour 20° C) and 8.42 (4-hour, 200° C) respectively,
which are lower than other reported C/N ratio maximums. In the high temperature
experiments it appears that carbon may have been depleted at a faster rate than is normal
for early diagenetic conditions. Data from high temperature, hydrous pyrolysis
experiments similar to those conducted in this study resulted in carbon to nitrogen rations
ranging from 8.6 to 11 for experiments less than 100-hours and under 200° C (Peters,
1978), which are similar to the ratios of the YCM experiments.
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While most carbon to nitrogen ratios from most field cores ranged from 7 to 19, one 
highly silicified sample exhibited a C/N of 35 (sample 950603.2C). The percent nitrogen 
of the sample was 0.08% indicating that conversion and utilization of nitrogen was 
almost complete. Further, the percent nitrogen and C/N values of the microbial samples 
were observed to vary markedly between adjacent and visually similar samples; 
Jorgensen and Revsbech (1989) found that not only is nitrogen preferentially degraded 
during early diagenesis, but nitrogen-rich organic matter is preferentially consumed 
during early diagenesis, which may account for the almost complete consumption of 
nitrogen in some samples. The preferential degradation of organic matter relatively 
enriched in nitrogen with respect to other organic matter within the system may explain 
the very high C/N ratios and low nitrogen percentages, but further investigation is needed 
to support or negate this hypothesis.
A visually similar sample (950603.2B) cored from within a meter o f sample 950603.2C 
showing advanced silicification and was quite clearly undergoing organic degradation 
exhibited a C/N of 9.3 and a percent nitrogen of 0.31%. This suggests that diagenetic 
processes may change markedly within a relatively small distance; numerous researchers 
(Lyons et al, 1984; Jahnke, 1985; Jorgensen and Revsbech, 1989) have stressed the 
importance of microscale investigations. The microbial mat communities o f hot springs 
are strong candidates for extensive microscale investigations to determine the range in 
diagenetic processes and the effect that these processes have on the preservation of 
microbial forms and diagenesis as a whole.
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Small changes in the physicality o f microbial mats can have measurable affects, for 
example the thickness of a cyanobacterial mat has been observed to influence the amount 
of carbonate that was preserved (Javor and Castenholz, 1981; Lyons et al, 1984). It has 
also been observed that fossil preservation is often “affected by the silicification of 
partially degraded microbial assemblages” because cryptocrystalline SiC>2 creates a 
shielding effect for entombed microfossils (Knoll and Awramik, 1983). Therefore, the 
ability o f microbial mats to effect silica geochemistry likely effects the preservation of 
microbial structures in the rock record.
High concentrations of dissolved reactive silicate have been observed in cyanobacterial 
mats, the dissolved silica concentrations increase with depth inside the mat (Krumbein 
and Cohen, 1977; Lyons et al, 1984). Since long-term preservation of microbial organic 
matter is enhanced by increased silicification (Knoll and Awramik, 1983), the interaction 
between silica and microbial diagenesis is important. Behl and Garrison (1994) note that 
micro-scale silicic diagenetic fronts advance further within organic-rich sediment layers, 
suggesting the importance of silica/organic matter processes at a microscale level. Large- 
scale silicic diagenetic fronts have been observed in hydrocarbon migration pathways 
where ammonia has been found in fluid inclusions within massive silica-cemented 
sandstone units (C. Brewster, 1995: Personal Communication) suggest that silica/organic 
matter interactions may also be significant on a much larger scale.
Specific mechanisms for the interactions between organic matter and silica during 
diagenesis have yet to be wholly elucidated, however this study indicates that ammonia
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may play an important roll during certain stages of diagenesis and under certain 
conditions. This study establishes the significant potential for generation of high 
ammonia concentrations from microbial mat degradation and that these high ammonia 
concentrations can cause marked increases in solution pH. The kinetic work of this study 
also indicates the source of ammonia is primarily amino groups from amino acids and 
amino sugars, both abundant in fresh cyanobacterial mats and in protokerogens generated 
from the partial decay of cyanobacterial mats.
As a whole, the experiments and field investigations of this study indicate that organic 
degradation of microbial mats can produce significant ammonia concentrations. These 
concentrations have the potential to raise solution pH by as much as 2.6 units and 
increase the ionic strength of the solution. The increase in pH facilitates dissolution of 
solid silica, while the increased ionic strength and interaction with ammonia increases 
polymerization and reprecipitation of dissolved silica. These combined effect likely 
enhance and accelerate the reordering of silica along the opal-A to opal-CT to crystalline 
quartz pathway. Given the ubiquity of microbial assemblages through out the 
environment, the affects of ammonia on silica geochemistry could impact the diagenesis 
o f past and present sediments, especially those of marine origin, and the preservation of 
microfossils. Specifically, silica associated with microbial assemblages or diatomaceous 
oozes may transform to crystalline quartz more rapidly than would be assumed 
considering only pressure and temperature affects. Additionally, accelerated silica 
transformation via the degradation of organic-rich matter would enhance the preservation 
of microfossils and microfossil fabrics.
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IV. Conclusions
This study establishes that organic degradation of cyanobacterial mats during the early 
stages of diagenesis has the potential to generate high concentrations of ammonia. These 
concentrations can raise pH by as much as 2.6 pH units and significantly impact both the 
pH and ionic strength of interstitial waters within microbial communities. Kinetic 
experiments determined an activation energy of 74.1 kJ/mol (17.7 kcal/mol) and an 
Arrhenius constant of 11.8 for high temperature (100-200° C), abiotic degradation of 
cyanobacterial mats. These kinetic parameters likely reflect deamination reactions for 
multiple amino acid and amino sugar constituents.
Percent organic and inorganic matter was observed to vary widely, reflecting varying 
amounts of silica and other precipitates within the microbial mats. Nitrogen was 
preferentially consumed during experimentation resulting in carbon to nitrogen ratios as 
high as 10.4. Field investigations also indicated the preferential consumption of nitrogen 
during degradation, with rations as high as 35.
In silica rich environments such as hot springs and deep marine sediments, the evolution
of ammonia from the degradation of microbial assemblages could impact silica
geochemistry. Specifically, the elevated pH conditions could result in silica dissolution,
while increased ionic strength and ammonia interaction is likely to result in increased
polymerization and dehydration of dissolved silica. The combination of these effects is
likely to increase silica phase transformations.
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Appendix A: Raw Data Sheets
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Experiment Number: C.OS.20
Date/Time Started: 2/18/95@ 1500 Date/Time Ended: 5/9/95@1500
Total Duration: 80 Days
Temperature: 20_C : Killed Control Reactor
Torque Pressure: -1 0 0  ft/lbs
Initial Conditions:
Empty Reactor Weight: 122.5098 g 
Type of Sample: Fresh Mat Weight of Sample: 7.3775 g
Type of Water: Octopus Spring Weight of Water + Mat: 24.3715 g
Type of Addition: Mgl2  Weight of Addition: 0.25 g
Total Reactor Weight: 146.8793 g
After Heating Conditions:
Total Reactor Weight: 147.4095 g
Analysis:
pH Electrode Calibration: Ross Combination pH Electrode (Orion)
Meter Used: Orion Model 290A Buffers Used: 5, 7, and 9
Slope: 98.1@ 21.4_C Probe Response: Excellent
Ammonia Electrode Calibration:
Buffers Used: 0, 10, & 100 ppm Slope: - 56.2
Data:
Water Samples:
Split 1: pH: 7.440 @ 20.6 C [Ammonia]: 0.716 ppm
Split 2: pH: 7.452 @ 20.6 C [Ammonia]: 0.659 ppm
Dried Solid:
CHN:
ASH:
Additional Notes:
0.25 grams of mercuric iodide were added to the reactor to stop all microbial activity.
Sample was filtered through a 0.45-micron filter.
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Experiment Number: C.OS.35
Date/Time Started: 2/18/95@1500 Date/Time Ended: 5/9/95@1500
Total Duration: 80 Days
Tem perature: 35_C : Killed Control Reactor
Torque Pressure: ~ 100 ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Octopus Spring 
Type of Addition: Mgl2
Empty Reactor Weight: 111.5811 g 
Weight of Sample: 6.8368 g 
Weight of Water + Mat: 31.0334 g 
Weight of Addition: 0.25 g
After Heating Conditions:
Total Reactor Weight: 142.6136 g
Total Reactor Weight: 142.9092 g
Analysis:
PH Electrode Calibration: Ross Combination pH Electrode (Orion)
Meter Used: Orion Model 290A Buffers Used: 5, 7, and 9 
Slope: 98.1 @21.4_C 
Ammonia Electrode Calibration:
Buffers Used: 0, 10, & 100 ppm
Data:
Water Samples:
Split 1:
Split 2:
Dried Solid:
CHN:
ASH:
Additional Notes:
0.25 grams of mercuric iodide were added to the reactor to stop all microbial activity.
Sample was filtered through a 0.45-micron filter.
Probe Response: Excellent 
Slope: - 56.2
pH: 7.670 @ 20.6_C [Ammonia]: 1.31 ppm 
pH: 7.672 @ 20.6 C [Ammonia]: 1.27 ppm
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Experiment Number: C.OS.60
Date/Time Started: 2/18/95@1500 Date/Time Ended: 5/9/95@1500
Total Duration: 80 Days
Temperature: 58_C : Killed Control Reactor
Torque Pressure: ~ 100 ft/lbs
Initial Conditions:
Empty Reactor Weight: 112.6601 g 
Type of Sample: Fresh Mat Weight of Sample: 6.8039 g
Type of Water: Octopus Spring Weight of Water + Mat: 23.0232 g
Type of Addition: Mgl2  Weight of Addition: 0.25 g
Total Reactor Weight: 152.4872 g
After Heating Conditions:
Total Reactor Weight: 136.0349 g
Analysis:
PH Electrode Calibration: Ross Combination pH Electrode (Orion)
Meter Used: Orion Model 290A Buffers Used: 5, 7, and 9
Slope: 98.1@ 21.4_C Probe Response: Excellent
Ammonia Electrode Calibration:
Buffers Used: 0, 10, & 100 ppm Slope: - 56.2
Data:
Water Samples:
Split 1: pH: 6.757 @ 20.8 C [Ammonia]: 0.149 ppm
Split 2: pH: 6.752 @ 20.8 C [Ammonia]: 0.152 ppm
Dried Solid:
CHN:
ASH:
Additional Notes:
0.25 grams of mercuric iodide were added to the reactor to stop all microbial activity.
Sample was filtered through a 0.45-micron filter.
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Experiment Number: 05.0S.20
Date/Time Started: 2/18/95@1500 Date/Time Ended: 2/23/95@1500
Total Duration: 5 Days 
Temperature: 20_C 
Torque Pressure: ~ 100 ft/lbs
Initial Conditions:
Empty Reactor Weight: 121.9240 g 
Type of Sample: Fresh Mat Weight of Sample: 7.8966 g
Type of Water: Octopus Spring Weight of Water + Mat: 20.4260 g
Type of Addition: None Weight of Addition:
Total Reactor Weight: 147.1918 g
After Heating Conditions:
T otal Reactor Weight: 147.1905 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 290A Buffers Used: 5, 7, and 9
Slope: 98.9 @ 22.2 C Probe Response: Excellent
Ammonia Electrode Calibration:
Standards Used: 1, 10, & 100 ppm Slope: - 55.4
Data:
Water Samples:
Split 1: pH: 9.091 @23.3_C [Ammonia]: 2.35ppm@23.3_C 
Split 2: pH: 9.087@23.3_C [Ammonia]: 2.42ppm@23.3_C 
Dried Solid:
CHN:
ASH: 73.96%
Additional Notes:
Sample filtered through a 0.45-micron filter.
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Experiment Number: 05B.OS.20
Date/Time Started: 2/18/95@1500 Date/Time Ended: 3/5/95@1500
Total Duration: 5 Days 
Temperature: 20_C 
Torque Pressure: ~ 100 ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Octopus Spring 
Type of Addition: None
Empty Reactor Weight: 121.7694 g 
Weight of Sample: 10.5934 g 
Weight of Water: 20.4519 g 
Weight of Addition:
After Heating Conditions:
Total Reactor Weight: 152.8106 g
Total Reactor Weight: 152.8087 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 250A 
Slope: 96.5 @ 22.0 C 
Ammonia Electrode Calibration:
Standards Used: 0, 1, 10, & 100 ppm
Data:
Water Samples:
Split 1: pH: 6.93 (a 
Split 2: pH: 6.94 @ 
Dried Solid:
CHN:
ASH: 67.12%
Additional Notes:
Sample filtered through a 0.45-micron filter.
2 1 .9 C  
21.9 C
Buffers Used: 7 and 9 
Probe Response: Excellent
Slope: - 58.4
[Ammonia]: 2.28 ppm 
[Ammonia]: 2.31 ppm
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Experiment Number: 10.0S.20
Date/Time Started: 2/18/95@1500 Date/Time Ended: 2/28/95@1500
Total Duration: 10 Days 
Temperature: 20_C 
Torque Pressure: -1 0 0  ft/lbs
Initial Conditions:
Empty Reactor Weight: 121.1203 g 
Type of Sample: Fresh Mat Weight of Sample: 7.5901 g
Type of Water: Octopus Spring Weight of Water + Mat: 23.3250 g
Type of Addition: None Weight of Addition:
Total Reactor Weight: 149.0613 g
After Heating Conditions:
Total Reactor Weight: 149.0592 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 290A Buffers Used: 5, 7, and 9
Slope: 98.9 @ 22.2 C Probe Response: Excellent
Ammonia Electrode Calibration:
Standards Used: 0, 10, & 100 ppm Slope: - 55.4
Data:
Water Samples:
Split 1: pH: 7.796 @ 24.6 C [Ammonia]: 1.70 ppm
Split 2: pH: 7.802 @ 24.6 C [Ammonia]: 1.68 ppm
Dried Solid:
CHN:
ASH: 76.63%
Additional Notes:
Sample filtered through a 0.45-micron filter.
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Experiment Number: 20.0S.20
Date/Time Started: 2/18/95@1500 Date/Time Ended: 3/10/95@1500
Total Duration: 20 Days 
Temperature: 20_C 
Torque Pressure: —100 ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Octopus Spring 
Type of Addition: None
Empty Reactor Weight: 121.1762 g 
Weight of Sample: 7.2546 g 
Weight of Water + Mat: 20.9954 g 
Weight of Addition:
After Heating Conditions:
Total Reactor Weight: 146.3037 g
Total Reactor Weight: 146.2988 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 290A 
Slope: 98.9 @ 22.2 C 
Ammonia Electrode Calibration:
Standards Used: 0, 10, & 100 ppm
Data:
Water Samples:
Split 1: pH: 7.746@24.8_C 
Split 2: pH: 7.747@24.8_C 
Dried Solid:
CHN:
ASH: 76.93%
Additional Notes:
Sample filtered through a 0.45-micron filter.
Buffers Used: 5, 7, and 9 
Probe Response: Excellent
Slope: -55.4
[Ammonia]: 4.10 ppm 
[Ammonia]: 4.12 ppm
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Experiment Number: 20B.OS.20
Date/Time Started: 2/18/95@1500 Date/Time Ended: 3/10/95@1500
Total Duration: 20 Days 
Temperature: 20_C 
Torque Pressure: -1 0 0  M bs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Octopus Spring 
Type of Addition: None
Empty Reactor Weight: 123.5027 g 
Weight of Sample: 10.8105 g 
Weight of Water: 27.5168 g 
Weight of Addition:
After Heating Conditions:
Total Reactor Weight: 161.7130 g
Total Reactor Weight: 161.6987g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 250A 
Slope: 96.5 @ 22.0 C 
Ammonia Electrode Calibration:
Standards Used: 0, 1, 10, & 100 ppm
Data:
Water Samples:
Split 1: pH: 6.82@ 22.4_C 
Split 2: pH: 6.84@ 22.4_C 
Dried Solid:
CHN:
ASH: 69.57%
Additional Notes:
Sample filtered through a 0.45-micron filter. Orion meter model 290A was used with the
ammonia electrode.
Buffers Used: 7 and 9 
Probe Response: Excellent
Slope: -58.4
[Ammonia]: 3.02 ppm 
[Ammonia]: 2.95 ppm
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Experiment Number: 40.0S.20
Date/Time Started: 2/18/95@1500 Date/Time Ended: 3/30/95@1500 
Total Duration: 40 Days 
Temperature: 20_C 
Torque Pressure: -1 0 0  ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Octopus Spring 
Type of Addition: None
Empty Reactor Weight: 123.5182 g 
Weight of Sample: 7.2328 g 
Weight of Water: 20.1091 g 
Weight of Addition:
After Heating Conditions:
Total Reactor Weight: 147.9256 g 
Total Reactor Weight: 147.9042g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 250A 
Slope: 96.5 @ 22.0_C 
Ammonia Electrode Calibration:
Standards Used: 0, 1, 10, & 100 ppm
Data:
Buffers Used: 7 and 9 
Probe Response: Excellent
Slope: -58.4
[Ammonia]: 10.9 ppm 
[Ammonia]: 11.0 ppm
Water Samples:
Split 1: pH: 6.58@ 22.1_C 
Split 2: pH: 6.62@ 22.1_C 
Dried Solid:
CHN:
ASH: 70.52%
Additional Notes:
Sample filtered through a 0.45-micron filter. Orion meter model 290A was used with the 
ammonia electrode. Reactor water was much clearer than previous samples and belched 
forth a strong odor. The solid also appeared to be somewhat more bleached than previous 
samples from shorter duration runs.
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Experiment Number: 80.0S.20
Date/Time Started: 2/18/95@1500 Date/Time Ended: 5/9/95@1500
Total Duration: 80 Days 
Temperature: 20_C 
Torque Pressure: ~ 100 ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Octopus Spring 
Type of Addition: None
Empty Reactor Weight: 121.6744 g 
Weight of Sample: 7.1071 g 
Weight of Water: 20.0541 g 
Weight of Addition:
After Heating Conditions:
Total Reactor Weight: 145.9240 g
Total Reactor Weight: 145.9213 g
Analysis:
pH Electrode Calibration: Ross Combination pH Electrode (Orion)
Meter Used: Orion Model 290A Buffers Used: 5, 7, and 9
Slope: 98.1@ 21.4_C Probe Response: Excellent
Ammonia Electrode Calibration:
Buffers Used: 0, 1, 10, & 100 ppm Slope: - 56.2
Data:
Water Samples:
Split 1:
Split 2:
Dried Solid:
CHN:
ASH: 78.33%
Additional Notes:
Sample filtered through a 0.45-micron filter.
pH: 6.806@ 21.4_C [Ammonia]: 36.1 ppm 
pH: 6.810 @ 21.4 C [Ammonia]: 35.8 ppm
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Experiment Number; 5.0S.35
Date/Time Started: 2/18/95@1500 Date/Time Ended: 2/23/95@1500
Total Duration: 5 Days 
Temperature: 35_C 
Torque Pressure: ~ 100 ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Octopus Spring 
Type of Addition: None
Empty Reactor Weight: 111.4552 g 
Weight of Sample: 7.4570 g 
Weight of Water + Mat: 20.0774 g 
Weight of Addition:
After Heating Conditions:
Total Reactor Weight: 135.9461 g
Total Reactor Weight: 135.920lg
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 290A Buffers Used: 5, 7, and 9
Slope: 98.9@22.2_C Probe Response: Excellent
Ammonia Electrode Calibration:
Standards Used: 0, 1, 10, & 100 ppm
Data:
Water Samples:
Split 1: pH: 8.139 @24.4_C 
Split 2:pH: 8.151 @24.5_C 
Dried Solid:
CHN:
ASH: 77.35%
Additional Notes:
Sample filtered through a 0.45-micron filter.
Slope: - 55.4
[Ammonia]: 5.08 ppm 
[Ammonia]: 4.98 ppm
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Experiment Number: 05B.OS.35
Date/Time Started: 2/18/95@1500 Date/Time Ended: 3/5/95@1500
Total Duration: 5 Days 
Temperature: 35 C 
Torque Pressure: -1 0 0  ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Octopus Spring 
Type of Addition: None
Empty Reactor Weight: 122.8025 g 
Weight of Sample: 10.6333 g 
Weight of Water: 20.1841 g 
Weight of Addition:
After Heating Conditions:
Total Reactor Weight: 153.4680 g
Total Reactor Weight: 153.3221 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 250A 
Slope: 96.5 @ 22.0 C 
Ammonia Electrode Calibration:
Standards Used: 0, 1, 10, & 100 ppm
Data:
Buffers Used: 5, 7, and 9 
Probe Response: Excellent
Slope: -58.4
[Ammonia]: 2.35 ppm 
[Ammonia]: 2.45 ppm
Water Samples:
Split 1: pH: 8.36@ 22.2_C 
Split 2: pH: 8.42@ 22.2_C 
Dried Solid:
CHN:
ASH: 60.19%
Additional Notes:
Sample filtered through a 0.45-micron filter. Orion meter model 290A was used with the
ammonia electrode.
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Experiment Number: IO.OS.35
Date/Time Started: 2/18/95@1500 Date/Time Ended: 2/28/95@1500
T otal Duration: 10 Days 
Temperature: 35_C 
Torque Pressure: -1 0 0  ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Octopus Spring 
Type of Addition: None
Empty Reactor Weight: 123.0925 g 
Weight of Sample: 7.3092 g 
Weight of Water: 21.9900 g 
Weight of Addition:
After Heating Conditions:
Total Reactor Weight: 149.1999 g
Total Reactor Weight: 149.1970 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 290A 
Slope: 98.9 @ 22.2 C 
Ammonia Electrode Calibration:
Standards Used: 0, 1, 10, & 100 ppm
Data:
Water Samples:
Split 1:
Split 2:
Dried Solid:
CHN:
ASH: 78.44%
Additional Notes:
Sample filtered through a 0.45-micron filter.
Buffers Used: 5, 7, and 9 
Probe Response: Excellent
Slope: -58.7
pH: 6.67@ 20.6_C [Ammonia]: 2.33 ppm 
pH: 6.61 @ 21.1_C [Ammonia]: 2.52 ppm
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Experiment Number: 20.OS.35
Date/Time Started: 2/18/95@1500 Date/Time Ended: 3/10/95@1500
Total Duration: 20 Days 
Temperature: 35 C 
Torque Pressure: — 100 ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Octopus Spring 
Type of Addition: None
Empty Reactor Weight: 120.1393 g 
Weight of Sample: 7.0861 g 
Weight of Water + Mat: 20.0023 g 
Weight of Addition:
After Heating Conditions:
Total Reactor Weight: 144.1824 g
Total Reactor Weight: 144.1796 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 290A 
Slope: 97.9 @ 20.7 C 
Ammonia Electrode Calibration:
Standards Used: 0, 1, 10, & 100 ppm
Data:
Water Samples:
Split 1:
Split 2:
Dried Solid:
CHN:
ASH: 79.96%
Additional Notes:
Sample filtered through a 0.45-micron filter.
Buffers Used: 5, 7, and 9 
Probe Response: Excellent
Slope: -58.7
pH: 6.61@21.1_C [Ammonia]: 5.30 ppm 
pH: 6.61@21.1_C [Ammonia]: 5.39 ppm
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Experiment Number: 20B.OS.35
Date/Time Started: 2/18/95@l 500 Date/Time Ended: 3/10/95@1500
Total Duration: 20 Days 
Temperature: 35_C 
Torque Pressure: — 100 ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Octopus Spring 
Type of Addition: None
Empty Reactor Weight: 124.1700 g 
Weight of Sample: 11.4343 g 
Weight of Water: 21.2959 g 
Weight of Addition:
After Heating Conditions:
Total Reactor Weight: 156.8700 g
Total Reactor Weight: 156.8688 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 250A 
Slope: 96.5 @ 22.0 C 
Ammonia Electrode Calibration:
Buffers Used: 0, 1, 10, & 100 ppm
Data:
Water Samples:
Split 1: pH: 6.44@ 21.9_C 
Split 2: pH: 6.46@ 21.9_C 
Dried Solid:
CHN:
ASH: 66.34%
Additional Notes:
Sample filtered through a 0.45-micron filter. Orion meter model 290A was used with the
ammonia electrode.
Buffers Used: 7 and 9 
Probe Response: Excellent
Slope: - 58.4
[Ammonia]: 4.72 ppm 
[Ammonia]: 4.78 ppm
- 97-
Experiment Number: 40.OS.35
Date/Time Started: 2/18/95@1500 Date/Time Ended: 3/30/95@1500
Total Duration: 40 Days 
Temperature: 35_C 
Torque Pressure: —100 ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Octopus Spring 
Type of Addition: None
Empty Reactor Weight: 122.7710 g 
Weight of Sample: 7.4553 g 
Weight of Water: 29.0459 g 
Weight of Addition:
After Heating Conditions:
Total Reactor Weight: 151.8165 g 
Total Reactor Weight: 151.8144g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 250A 
Slope: 96.5 @ 22.0 C 
Ammonia Electrode Calibration:
Standards Used: 0 ,1 ,10 , & 100 ppm
Data:
Buffers Used: 7 and 9 
Probe Response: Excellent
Slope: -58.4
[Ammonia]: 17.9 ppm 
[Ammonia]: 18.6 ppm
Water Samples:
Split 1: pH: 6.63@ 21.9_C 
Split 2: pH: 6.65@ 21.9_C 
Dried Solid:
CHN:
ASH: 79.82%
Additional Notes:
Sample filtered through a 0.45-micron filter. Orion meter model 290A was used with the 
ammonia electrode. Reactor water from this run similar in odor and appearance to 
40.0S.60 (quite clear and pungent). The solid sample was also similarly "bleached".
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Experiment Number: 80.OS.35
Date/Time Started: 2/18/95@1500 Date/Time Ended: 5/9/95@1500
Total Duration: 80 Days 
Temperature: 35_C 
Torque Pressure: -1 0 0  ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Octopus Spring 
Type of Addition: None
Empty Reactor Weight: 120.1864 g 
Weight of Sample: 7.5228 g 
Weight of Water: 29.1183 g 
Weight of Addition:
After Heating Conditions:
Total Reactor Weight: 149.3030 g
Total Reactor Weight: 154.2949 g
Analysis:
pH Electrode Calibration: Ross Combination pH Electrode (Orion)
Meter Used: Orion Model 290A Buffers Used: 5, 7, and 9
Slope: 98.1@ 21.4_C Probe Response: Excellent
Ammonia Electrode Calibration:
Buffers Used: 0, 1, 10, & 100 ppm Slope: - 56.2
Data:
Water Samples:
Split 1: pH: 6.807@21.4_C 
Split 2: pH: 6.812 @21.4_C 
Dried Solid:
CHN:
ASH: 75.02%
Additional Notes:
Sample filtered through a 0.45-micron filter.
[Ammonia]: 75.4 ppm 
[Ammonia]: 77.5 ppm
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Experiment Number: 05.0S.60
Date/Time Started: 2/18/95@1500 Date/Time Ended: 2/23/95@1500
Total Duration: 5 Days 
Temperature: 58_C 
Torque Pressure: -1 0 0  ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Octopus Spring 
Type of Addition: None
After Heating Conditions:
Empty Reactor Weight: 122.9335 g 
Weight of Sample: 7.7731 g 
Weight of Water: 24.8631 g 
Weight of Addition:
Total Reactor Weight: 147.7887 g
Total Reactor Weight: 147.7877 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 290A Buffers Used: 5, 7, and 9
Slope: 97.9 @ 20.7 C Probe Response: Excellent
Ammonia Electrode Calibration:
Standards Used: 1, 10, & 100 ppm Slope: - 58.7
Data:
Water Samples:
Split 1: pH: 6.55@ 21.5_C [Ammonia]: 1.47 ppm
Split 2: pH: 6.56 @ 21.5_C [Ammonia]: 1.43 ppm
Dried Solid:
CHN:
ASH: 82.19%
Additional Notes:
Sample filtered through a 0.45-micron filter.
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Experiment Number: 05B.OS.60
Date/Time Started: 2/18/95@1500 Date/Time Ended: 3/5/95@1500
Total Duration: 5 Days 
Temperature: 58_C 
Torque Pressure: -1 0 0  ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Octopus Spring 
Type of Addition: None
Empty Reactor Weight: 120.8939 g 
Weight of Sample: 10.1560 g 
Weight of Water: 22.4347 g 
Weight of Addition:
Total Reactor Weight: 153.4636 g
After Heating Conditions:
Total Reactor Weight: 153.4119 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 250A 
Slope: 96.5 @ 22.0 C 
Ammonia Electrode Calibration:
Standards Used: 0, 1, 10, & 100 ppm
Data:
Water Samples:
Split 1: pH: 6.48 @ 22.3 C 
Split 2: pH: 6.53 @ 22.3_C 
Dried Solid:
CHN:
ASH: 78.94%
Additional Notes:
Sample filtered through a 0.45-micron filter. Orion meter model 290A was used with the
ammonia electrode.
Buffers Used: 7 and 9 
Probe Response: Excellent
Slope: - 58.4
[Ammonia]: 22.1 ppm 
[Ammonia]: 24.1 ppm
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Experiment Number: 10.0S.60
Date/Time Started: 2/18/95@1500 Date/Time Ended: 2/28/95@1500
Total Duration: 10 Days 
Temperature: 58_C 
Torque Pressure: -1 0 0  ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Octopus Spring 
Type of Addition: None
Empty Reactor Weight: 109.6632 g 
Weight of Sample: 7.0208 g 
Weight of Water + Mat: 24.4058 g 
Weight of Addition:
After Heating Conditions:
Total Reactor Weight: 134.0518 g
Total Reactor Weight: 133.9778 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 290A 
Slope: 97.9 @ 20.7 C 
Ammonia Electrode Calibration:
Standards Used: 1, 10, & 100 ppm
Data:
Water Samples:
Split 1:
Split 2:
Dried Solid:
CHN:
ASH: 70.43%
Additional Notes:
Sample filtered through a 0.45-micron filter.
Buffers Used: 7 and 9 
Probe Response: Excellent
Slope: -58.7
pH: 6.31 @ 21.7_C [Ammonia]: 29.6 ppm 
pH: 6.32 @ 21.7_C [Ammonia]: 29.3 ppm
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Experiment Number: 20.0S.60
Date/Time Started: 2/18/95@1500 Date/Time Ended: 3/10/95@1500
Total Duration: 20 Days 
Temperature: 58 C 
Torque Pressure: -1 0 0  ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Octopus Spring 
Type of Addition: None
Empty Reactor Weight: 123.1975 g 
Weight of Sample: 7.6467 g 
Weight of Water + Mat: 23.6444 g 
Weight of Addition:
Total Reactor Weight: 146.8402 g
After Heating Conditions:
Total Reactor Weight: 146.8000 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 230A Buffers Used: 7 and 9
Slope: 97.9 @ 20.7 C Probe Response: Excellent
Ammonia Electrode Calibration:
Standards Used: 1, 10, & 100 ppm Slope: - 58.7
Data:
Water Samples:
Split 1: pH: 6.28 @ 22.0 C [Ammonia]: 87.8 ppm
Split 2: pH: 6.30 @22.0_C [Ammonia]: 87.5 ppm
Dried Solid:
CHN: %C/15.2 %H/1.7 %N/2.1 C/N = 7.24
ASH: 69.30%
Additional Notes:
Sample filtered through a 0.45-micron filter. Used Orion meter 290A with ammonia
electrode.
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Experiment Number: 20B.OS.60
Date/Time Started: 2/18/95@1500 Date/Time Ended: 3/10/95@1500
Total Duration: 20 Days 
Temperature: 58_C 
Torque Pressure: -1 0 0  ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Octopus Spring 
Type of Addition: None
Empty Reactor Weight: 121.9336 g 
Weight of Sample: 11.1776 g 
Weight of Water: 23.8160 g 
Weight of Addition:
After Heating Conditions:
Total Reactor Weight: 156.8901 g
Total Reactor Weight: 156.8871g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 250A Buffers Used: 7 and 9
Slope: 96.5 @ 22.0 C Probe Response: Excellent
Ammonia Electrode Calibration:
Buffers Used: 0, 1, 10, & 100 ppm Slope: - 58.4
Data:
Water Samples:
Split 1: pH: 6.15@ 22.0_C 
Split 2: pH: 6.20 @ 22.0_C 
Dried Solid:
CHN:
ASH: 77.55%
Additional Notes:
Sample filtered through a 0.45-micron filter. Orion meter model 290A was used with the
ammonia electrode.
[Ammonia]: 91.2 ppm 
[Ammonia]: 91.6 ppm
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Experiment Number: 40.0S.60
Date/Time Started: 2/18/95@1500 
Total Duration: 40 Days 
Temperature: 58_C 
Torque Pressure: -1 0 0  ft/lbs
Date/Time Ended: 5/9/95@1500
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Octopus Spring 
Type of Addition: None
Empty Reactor Weight: 111.1098 g 
Weight of Sample: 7.4528 g 
Weight of Water + Mat: 24.8743 g 
Weight of Addition:
After Heating Conditions:
Total Reactor Weight: 135.9841 g
Total Reactor Weight: 135.9711 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 250A Buffers Used: 7 and 9
Slope: 96.5 @ 22.0 C Probe Response: Excellent
Ammonia Electrode Calibration:
Standards Used: 0, 10, & 100 ppm Slope: - 58.4
Data:
Water Samples:
Split 1: pH: 8.84@ 21.9_C 
Split 2: pH: 8.85@ 21.9_C 
Dried Solid:
CHN: %C/7.5 %H/0.5 %N/1.0
ASH: 81.0%
[Ammonia]: 144 ppm 
[Ammonia]: 140 ppm
C/N = 7.5
Additional Notes:
Sample filtered through a 0.45-micron filter. Orion meter model 290A was used with the 
ammonia electrode. Reactor water sample very clear and very smelly. The solid sample 
has lost most of its color.
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Experiment Number: 80.0S.60
Date/Time Started: 2/18/95@1500 Date/Time Ended: 5/9/95@1500
Total Duration: 80 Days 
Temperature: 58_C 
Torque Pressure: ~ 100 ft/lbs
Initial Conditions:
Empty Reactor Weight: 111 .2506 g 
Type of Sample: Fresh Mat Weight of Sample: 7.7622 g
Type of Water: Octopus Spring Weight of Water + Mat: 24.8148 g
Type of Addition: None Weight of Addition:
Total Reactor Weight: 136.0649 g
After Heating Conditions:
Total Reactor Weight: 135.9548 g
Analysis:
pH Electrode Calibration: Ross Combination pH Electrode (Orion)
Meter Used: Orion Model 290A Buffers Used: 5, 7, and 9
Slope: 98.1@ 21.4_C Probe Response: Excellent
Ammonia Electrode Calibration:
Buffers Used: 0, 10, & 100 ppm Slope: - 56.2
Data:
Water Samples:
Split 1: pH: 7.326 @ 21.4 C [Ammonia]: 77.8 ppm
Split 2: pH: 7.357 @ 21.4 C [Ammonia]: 78.1 ppm
Dried Solid:
CHN:
ASH: 82.36%
Additional Notes:
Sample filtered through a 0.45-micron filter.
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Experiment Number: 5.DI.20
Date/Time Started: 2/28/95@1500 Date/Time Ended: 3/5/95@1500
Total Duration: 5 Days 
Temperature: 20 C 
Torque Pressure: -1 0 0  ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Deionized 
Type of Addition: None
Empty Reactor Weight: 121.3953 g 
Weight of Sample: 11.4576 g 
Weight of Water: 21.4317 g 
Weight of Addition:
After Heating Conditions:
Total Reactor Weight: 154.2706 g 
Total Reactor Weight: 154.2359 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 250A 
Slope: 99.7 @ 19.0 C 
Ammonia Electrode Calibration:
Standards Used: 0, 1, 10, 100 ppm
Buffers Used: 5 and 7 
Probe Response: Excellent
Slope: -58.4
pH: 6.55 @ 21.1_C [Ammonia]: 0.963 ppm 
pH: 6.57 @ 21.1_C [Ammonia]: 0.950 ppm
Data:
Water Samples:
Split I:
Split 2:
Dried Solid:
CHN:
ASH: 70.21%
Additional Notes:
Sample filtered through a 0.45-micron filter. Orion model 290A was used with the 
ammonia electrode. Unfiltered reactor water appeared significantly greener than most of 
the other samples analyzed from the longer duration runs.
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Experiment Number: 5B.DI.20
Date/Time Started: 2/28/95@1500 Date/Time Ended: 3/5/95@1500
Total Duration: 5 Days 
Temperature: 20_C 
Torque Pressure: -1 0 0  ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Deionized 
Type of Addition: None
Empty Reactor Weight: 121.8122 g 
Weight of Sample: 10.5054 g 
Weight of Water: 20.4806 g 
Weight of Addition:
After Heating Conditions:
Total Reactor Weight: 152.7982 g
Total Reactor Weight: 152.7984 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 250A Buffers Used: 5 and 7
Slope: 99.7 @ 19.0 C Probe Response: Excellent
Ammonia Electrode Calibration:
Standards Used: 0, 1, 10, 100 ppm Slope: -58.4
Data:
Water Samples:
Split 1:
Split 2:
Dried Solid:
CHN:
ASH: 78.83%
Additional Notes:
Sample filtered through a 0.45-micron filter. Orion model 290A was used with the
ammonia electrode.
pH: 6.64 @ 21.5_C [Ammonia]: 0.565 ppm 
pH: 6.63 @ 21.5 C [Ammonia]: 0.570 ppm
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Experiment Number: 10A.DI.20
Date/Time Started: 2/28/95@1500 Date/Time Ended: 3/10/95@1500
Total Duration: 10 Days 
Temperature: 20_C 
Torque Pressure: ~ 100 ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Deionized 
Type of Addition: None
After Heating Conditions:
Empty Reactor Weight: 110.5446 g 
Weight of Sample: 10.8338 g 
Weight of Water: 22.7246 g 
Weight of Addition:
Total Reactor Weight: 144.1024 g
Total Reactor Weight: 144.1043 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 230A Buffers Used: 5 and 7
Slope: 97.9 @ 20.7 C Probe Response: Excellent
Ammonia Electrode Calibration:
Standards Used: 1, 10, & 100 ppm Slope: -58.7
Data:
Water Samples:
Split 1: pH: 6.42 @  22.2_C [Ammonia]: 0.932 ppm
Split 2: pH: 6.45 @  22.2_C [Ammonia]: 0.919 ppm
Dried Solid:
CHN:
ASH: 57.33%
Additional Notes:
Sample filtered through a 0.45-micron filter. Orion meter 290A was used with the
ammonia electrode.
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Experiment Number: 10B.DI.20
Date/Time Started: 2/28/95@1500 Date/Time Ended: 3/10/95@1500
Total Duration: 10 Days 
Temperature: 20_C 
Torque Pressure: -1 0 0  ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Deionized 
Type of Addition: None
After Heating Conditions:
Empty Reactor Weight: 121.2683 g 
Weight of Sample: 10.2135 g 
Weight of Water: 20.1890 g 
Weight of Addition:
Total Reactor Weight: 151.6690 g
Total Reactor Weight: 151.6707 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 230A 
Slope: 97.9 @ 20.7 C 
Ammonia Electrode Calibration:
Standards Used: 1, 10, & 100 ppm
Data:
Water Samples:
Split 1: pH: 6.59 @ 22.3_C
Split 2: pH: 6.58 @ 22.3_C
Dried Solid:
CHN:
ASH: 69.83%
Additional Notes:
Sample filtered through a 0.45-micron filter. Orion meter 290A was used with the
ammonia electrode.
Buffers Used: 5 and 7 
Probe Response: Excellent
Slope: - 58.7
[Ammonia]: 0.545 ppm 
[Ammonia]: 0.539 ppm
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Experiment Number: 20.DI.20
Date/Time Started: 2/28/95@1500 Date/Time Ended: 3/20/95@1500
Total Duration: 20 Days 
Temperature: 20_C 
Torque Pressure: -1 0 0  ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Deionized 
Type of Addition: None
Empty Reactor Weight: 120.7204 g 
Weight of Sample: 10.3590 g 
Weight of Water: 20.5226 g 
Weight of Addition:
After Heating Conditions:
Total Reactor Weight: 151.5919 g
Total Reactor Weight: 151.5923 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 230A 
Slope: 99.2 @ 21.6 _C 
Ammonia Electrode Calibration:
Standards Used: 0, 1, 10, & 100 ppm
Buffers Used: 5 and 7 
Probe Response: Excellent
Slope: -59.3
pH: 6.21@ 21.2_C [Ammonia]: 2.58 ppm 
pH: 6 .24 @21.2 _C [Ammonia]: 2.67 ppm
Data:
Water Samples:
Split 1:
Split 2:
Dried Solid:
CHN:
ASH: 69.19%
Additional Notes:
Sample filtered through a 0.45-micron filter. Orion meter 290A was used with the
ammonia electrode.
- I l l -
Experiment Number; 40.DI.20
Date/Time Started: 2/28/95@1500 Date/Time Ended: 4/9/95@1500
Total Duration: 40 Days 
Temperature: 20_C 
Torque Pressure: -1 0 0  ft/lbs
Initial Conditions:
Empty Reactor Weight: 111 .2939 g 
Type of Sample: Fresh Mat Weight of Sample: 10.1498 g 
Type of Water: Deionized Weight of Water: 20.0066 g
Type of Addition: None Weight of Addition:
Total Reactor Weight: 141.4490 g
After Heating Conditions:
Total Reactor Weight: 141.4459 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 230A Buffers Used: 7 and 9 
Slope: 98.1@ 21.4_C Probe Response:
Excellent
Ammonia Electrode Calibration:
Standards Used: 0, 1, 10, & 100 ppm Slope: -56.2
Data:
Water Samples:
Split 1: pH: 6.708 @ 21.7 C [Ammonia]: 6.46 ppm
Split 2: pH: 6.288 @ 21.7 C [Ammonia]: 6.88 ppm
Dried Solid:
CHN:
ASH: 70.46%
Additional Notes:
Sample filtered through a 0.45-micron filter. Orion meter 290A was used with the
ammonia electrode.
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Experiment Number: 80.DI.20
Date/Time Started: 2/28/95@1500 Date/Time Ended: 5/19/95@1500
Total Duration: 80 Days 
Temperature: 20_C 
Torque Pressure: ~ 100 ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Deionized 
Type of Addition: None
Empty Reactor Weight: 121.0985 g 
Weight of Sample: 10.6422 g 
Weight of Water: 20.7654 g 
Weight of Addition:
After Heating Conditions:
Total Reactor Weight: 152.4925 g
Total Reactor Weight: 152.4956 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 230A Buffers Used: 7 and 9
Slope: 98.1@ 21.4_C Probe Response: Excellent
Ammonia Electrode Calibration:
Standards Used: 0, 1, 10, & 100 ppm Slope: -56.2
Data:
Water Samples:
Split 1:
Split 2:
Dried Solid:
CHN:
ASH: 69.83%
Additional Notes:
Sample filtered through a 0.45-micron filter.
pH: 6.265 @ 2 1 .7 C  [Ammonia]: 41.4 ppm 
pH: 6.288 @ 21.7 C [Ammonia]: 40.8 ppm
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Experiment Number: 5.DI.35
Date/Time Started: 2/28/95@1500 Date/Time Ended: 3/5/95@1500
Total Duration: 5 Days 
Temperature: 35_C 
Torque Pressure: ~ 100 ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Deionized 
Type of Addition: None
After Heating Conditions:
Empty Reactor Weight: 120.2275 g 
Weight of Sample: 11.9795 g 
Weight of Water: 22.9399 g 
Weight of Addition:
Total Reactor Weight: 155.1380 g
Total Reactor Weight: 155.1362 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 250A Buffers Used: 5 and 7
Slope: 99.7 @ 19.0 C Probe Response: Excellent
Ammonia Electrode Calibration:
Standards Used: 0, 1, 10, 100 ppm Slope: -58.4
Data:
Water Samples:
Split 1: pH: 6.31 @ 21.3 C [Ammonia]: 0.932 ppm
Split 2: pH: 6.35@ 21.3_C [Ammonia]: 0.939ppm
Dried Solid:
CHN:
ASH: 79.40%
Additional Notes:
Sample filtered through a 0.45-micron filter. Orion model 290A was used with the 
ammonia electrode. The unfiltered reactor water appeared to be much greener in color 
than samples from higher temperature runs.
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Experiment Number: 5B.DI.35
Date/Time Started: 2/28/95@1500 Date/Time Ended: 3/5/95@1500
Total Duration: 5 Days 
Temperature; 35_C 
Torque Pressure: —100 ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Deionized 
Type of Addition: None
After Heating Conditions:
Empty Reactor Weight: 109.5077 g 
Weight of Sample: 11.1037 g 
Weight of Water: 21.2432 g 
Weight of Addition:
Total Reactor Weight: 141.8507 g
Total Reactor Weight: 141.8369 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 250A Buffers Used: 5 and 7
Slope: 99.7 @ 19.0 C Probe Response: Excellent
Ammonia Electrode Calibration:
Standards Used: 0, 1, 10, 100 ppm Slope: -58.4
Data:
Water Samples:
Split 1: pH: 6.42 @ 21.0 C [Ammonia]: 0.827 ppm
Split 2: pH: 6.44 @ 21.1_C [Ammonia]: 0.795 ppm
Dried Solid:
CHN:
ASH: 74.43%
Additional Notes:
Sample filtered through a 0.45-micron filter. Orion model 290A was used with the
ammonia electrode.
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Experiment Number: 10A.DI.35
Date/Time Started: 2/28/95@1500 Date/Time Ended: 3/10/95@1500
Total Duration: 10 Days 
Temperature: 35_C 
Torque Pressure: ~ 100 ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Deionized 
Type of Addition: None
After Heating Conditions:
Empty Reactor Weight: 123.3540 g 
Weight of Sample: 10.5774 g 
Weight of Water: 20.3168 g 
Weight of Addition:
Total Reactor Weight: 154.2 446 g
Total Reactor Weight: 154.2435 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 230A 
Slope: 97.9 @ 20.7_C 
Ammonia Electrode Calibration:
Standards Used: 1, 10, & 100 ppm
Buffers Used: 5 and 7 
Probe Response: Excellent
Slope: -58.7
Data:
Water Samples:
Split 1:
Split 2:
Dried Solid:
CHN:
ASH: 73.55%
Additional Notes:
Sample filtered through a 0.45-micron filter.
pH: 6.11@ 22.1_C [Ammonia]: 0.571 ppm 
pH: 6 .08 @ 22.1_C [Ammonia]: 0.695 ppm
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Experiment Number: 10B.DI.35
Date/Time Started: 2/28/95@1500 Date/Time Ended: 3/10/95@1500
Total Duration: 10 Days 
Temperature: 35_C 
Torque Pressure: -1 0 0  ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Deionized 
Type of Addition: None
Empty Reactor Weight: 110.2880 g 
Weight of Sample: 10.6528 g 
Weight of Water: 20.1099 g 
Weight of Addition:
After Heating Conditions:
Total Reactor Weight: 141.0461 g
Total Reactor Weight: 141.0471 g
Analysis:
PH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 230A Buffers Used: 5 and 7
Slope: 97.9 @ 20.7 C Probe Response: Excellent
Ammonia Electrode Calibration:
Standards Used: 1, 10, & 100 ppm Slope: -58.7
Data:
Water Samples:
Split 1: pH: 6.16@ 22.3_C [Ammonia]: 0.791 ppm
Split 2: pH: 6.17@ 22.3_C [Ammonia]: 0.816 ppm
Dried Solid:
CHN:
ASH: 76.04%
Additional Notes:
Sample filtered through a 0.45-micron filter.
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Experiment Number: 20.DI.35
Date/Time Started: 2/28/95@1500 Date/Time Ended: 3/20/95@1500
Total Duration: 20 Days 
Temperature: 35_C 
Torque Pressure: —100 ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Deionized 
Type of Addition: None
After Heating Conditions:
Empty Reactor Weight: 112.7465 g 
Weight of Sample: 10.4248 g 
Weight of Water: 20.1282 g 
Weight of Addition:
Total Reactor Weight: 143.2948 g
Total Reactor Weight: 143.2963 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 230A 
Slope: 99.2 @ 21.6 _C 
Ammonia Electrode Calibration:
Standards Used: 0, 1, 10, & 100 ppm
Data:
Water Samples:
Split 1:
Split 2:
Dried Solid:
CHN:
ASH: 89.19%
Additional Notes:
Sample filtered through a 0.45-micron filter.
pH: 6.49 @21.2_C 
pH: 6.51 @21.2_C
Buffers Used: 5 and 7 
Probe Response: Excellent
Slope: >59.3
[Ammonia]: 3.89 ppm 
[Ammonia]: 4.02 ppm
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Experiment Number: 40.DI.35
Date/Time Started: 2/28/95@1500 Date/Time Ended: 4/9/95@1500
Total Duration: 40 Days 
Temperature: 35 C 
Torque Pressure: -1 0 0  ft/lbs
Initial Conditions:
Empty Reactor Weight: 120.2830 g 
Type of Sample: Fresh Mat Weight of Sample: 10.3630 g
Type of Water: Deionized Weight of Water: 20.8732 g
Type of Addition: None Weight of Addition:
Total Reactor Weight: 151.5184 g
After Heating Conditions:
Total Reactor Weight: 151.5172 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 230A Buffers Used: 7 and 9
Slope: 98.1@ 21.4_C Probe Response: Excellent
Ammonia Electrode Calibration:
Standards Used: 0, 1, 10, & 100 ppm Slope: -56.2
Data:
Water Samples:
Split 1: pH: 6.571 @ 21.2 C [Ammonia]: 7.68 ppm
Split 2: pH: 6.542 @ 21.3 C [Ammonia]: 8.28 ppm
Dried Solid:
CHN:
ASH: 75.75%
Additional Notes:
Sample filtered through a 0.45-micron filter.
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Experiment Number: 80.DI.35
Date/Time Started: 2/28/95@1500 Date/Time Ended: 5/19/95@1500
Total Duration: 80 Days 
Temperature: 35_C 
Torque Pressure: —100 ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Deionized 
Type of Addition: None
After Heating Conditions:
Empty Reactor Weight: 122.8524 g 
Weight of Sample: 10.7023 g 
Weight of Water: 20.7617 g 
Weight of Addition:
T otal Reactor Weight: 154.3153 g
Total Reactor Weight: 154.2949 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 230A 
Slope: 98.1 @21.4_C 
Ammonia Electrode Calibration:
Standards Used: 0, 1, 10, & 100 ppm
Buffers Used: 7 and 9 
Probe Response: Excellent
Slope: -56.2
Data:
Water Samples:
Split 1: pH: 6.402
Split 2: pH: 6.433
Dried Solid:
CHN:
ASH: 77.58%
Additional Notes:
Sample filtered through a 0.45-micron filter.
21.7_C [Ammonia]: 51.4 ppm 
21.7_C [Ammonia]: 51.6 ppm
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Experiment Number: 5.DI.60
Date/Time Started: 2/28/95@1500 Date/Time Ended: 3/5/95@1500
Total Duration: 5 Days 
Temperature: 58_C 
Torque Pressure: ~ 100 ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Deionized 
Type of Addition: None
After Heating Conditions:
Empty Reactor Weight: 111.9334 g 
Weight of Sample: 10.8960 g 
Weight of Water: 20.0503 g 
Weight of Addition:
Total Reactor Weight: 142.6405 g
Total Reactor Weight: 142.5989 g
Analysis:
PH Electrode Calibration: Tritrode pH Electrode (Orion)
Meter Used: Orion Model 250A 
Slope: 99.7 @ 19.0J2 
Ammonia Electrode Calibration:
Standards Used: 0, 1, 10, 100 ppm
Buffers Used: 5 and 7 
Probe Response: Excellent
Slope: -58.4
Data:
Water Samples:
Split 1: pH: 6.24
Split 2: pH: 6.23 (
Dried Solid:
CHN:
ASH: 78.70%
Additional Notes:
Sample filtered through a 0.45-micron filter.
}21.6_C [Ammonia]: 3.23 ppm 
21.6_C [Ammonia]: 3.26 ppm
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Experiment Number: 5B.DI.60
Date/Time Started: 2/28/95@1500 Date/Time Ended: 3/5/95@1500
Total Duration: 5 Days 
Temperature: 58_C 
Torque Pressure: -1 0 0  ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Deionized 
Type of Addition: None
Empty Reactor Weight: 122.5816 g 
Weight of Sample: 10.5138 g 
Weight of Water: 22.4615 g 
Weight of Addition:
After Heating Conditions:
Total Reactor Weight: 155.5374 g
Total Reactor Weight: 155.4854 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 250A 
Slope: 99.7 @ 19.0_C 
Ammonia Electrode Calibration:
Standards Used: 0, 1, 10, 100 ppm
Data:
Water Samples:
Split 1: pH: 5.98@ 21.1_C
Split 2: pH: 5.99@ 21.1_C
Dried Solid:
CHN:
ASH: 75.49%
Additional Notes:
Sample filtered through a 0.45-micron filter.
Buffers Used: 5 and 7 
Probe Response: Excellent
Slope: -58.4
[Ammonia]: 4.74 ppm 
[Ammonia]: 4.76 ppm
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Experiment Number: 10A.DI.60
Date/Time Started: 2/28/95@1500 Date/Time Ended: 3/10/95@1500
Total Duration: 10 Days 
Temperature: 58__C 
Torque Pressure: -1 0 0  ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Deionized 
Type of Addition: None
Empty Reactor Weight: 121.4535 g 
Weight of Sample: 10.5563 g 
Weight of Water: 21.9847 g 
Weight of Addition:
After Heating Conditions:
Total Reactor Weight: 153.9906 g
Total Reactor Weight: 153.9794 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 230A 
Slope: 98.9 @ 22.2 C 
Ammonia Electrode Calibration:
Standards Used: 1, 10, & 100 ppm
Buffers Used: 5 and 7 
Probe Response: Excellent
Slope: -58.7
Data:
Water Samples:
Split 1: pH: 5.96
Split 2: pH: 5.94
Dried Solid:
CHN:
ASH: 83.32%
Additional Notes:
Sample filtered through a 0.45-micron filter.
22.4 C [Ammonia]: 16.9 ppm
22.4 C [Ammonia]: 17.1 ppm
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Experiment Number: 10B.DI.60
Date/Time Started: 2/28/95@1500 Date/Time Ended: 3/10/95@1500
Total Duration: 10 Days 
Temperature: 58_C 
Torque Pressure: ~ 100 ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Deionized 
Type of Addition: None
After Heating Conditions:
Empty Reactor Weight: 112.4834 g 
Weight of Sample: 10.9445 g 
Weight of Water: 20.3042 g 
Weight of Addition:
Total Reactor Weight: 143.7309 g
Total Reactor Weight: 143.7105 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 230A Buffers Used: 5 and 7
Slope: 97.9 @ 20.7 C Probe Response: Excellent
Ammonia Electrode Calibration:
Standards Used: 1, 10, & 100 ppm Slope: -58.7
Data:
Water Samples:
Split 1: pH: 5.76@ 22.5_C [Ammonia]: 72.1 ppm
Split 2: pH: 5.76 @ 22.6_C [Ammonia]: 66.5 ppm
Dried Solid:
CHN:
ASH: 60.89%
Additional Notes:
Sample filtered through a 0.45-micron filter.
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Experiment Number: 20.DI.60
Date/Time Started: 2/28/95@1500 Date/Time Ended: 3/25/95@1500
Total Duration: 25 Days 
Temperature: 58 C 
Torque Pressure: ~ 100 ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Deionized 
Type of Addition: None
After Heating Conditions:
Empty Reactor Weight: 111.0120 g 
Weight of Sample: 10.6508 g 
Weight of Water: 20.0399 g 
Weight of Addition:
Total Reactor Weight: 141.7011 g
Total Reactor Weight: 141.6495 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 230A Buffers Used: 5 and 7
Slope: 99.7 @ 19.0 C Probe Response: Excellent
Ammonia Electrode Calibration:
Standards Used: 0, 1, 10, & 100 ppm Slope: -58.4
Data:
Water Samples:
Split 1: pH: 6.00@ 21.2_C [Ammonia]: 75.6 ppm
Split 2: pH: 6.04@ 21.3_C [Ammonia]: 75.4 ppm
Dried Solid:
CHN:
ASH: 66.34%
Additional Notes:
Sample filtered through a 0.45-micron filter.
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Experiment Number: 40.DI.60
Date/Time Started: 2/28/95@1500 Date/Time Ended: 4/9/95@1500
Total Duration: 40 Days 
Temperature: 58_C 
Torque Pressure: -1 0 0  ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Deionized 
Type of Addition: None
After Heating Conditions:
Empty Reactor Weight: 109.4605 g 
Weight of Sample: 10.5436 g 
Weight of Water: 20.3287g 
Weight of Addition:
Total Reactor Weight: 140.3302 g
Total Reactor Weight: 139.9507 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 230A Buffers Used: 7 and 9
Slope: 98.1@ 21.4_C Probe Response: Excellent
Ammonia Electrode Calibration:
Standards Used: 0, 1, 10, & 100 ppm Slope: -56.2
Data:
Water Samples:
Split I: pH: 7.233 @ 21.5_C [Ammonia]: 52.9 ppm
Split 2: pH: 7.235 @ 21.5 C [Ammonia]: 52.7 ppm
Dried Solid:
CHN:
ASH: 87.56%
Additional Notes:
Sample filtered through a 0.45-micron filter.
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Experiment Number: 80.DI.60
Date/Time Started: 2/28/95@1500 Date/Time Ended: 5/19/95@1500
Total Duration: 80 Days 
Temperature: 58_C 
Torque Pressure: -1 0 0  ft/lbs
Initial Conditions:
Type of Sample: Fresh Mat 
Type of Water: Deionized 
Type of Addition: None
After Heating Conditions:
Empty Reactor Weight: 112.5782 g 
Weight of Sample: 10.2534 g 
Weight of Water: 21.4847g 
Weight of Addition:
T otal Reactor Weight: 144.3106 g
Total Reactor Weight: 144.1271 g
Analysis:
pH Electrode Calibration: Tritrode™ pH Electrode (Orion)
Meter Used: Orion Model 230A Buffers Used: 7 and 9
Slope: 98.1@ 21.4_C Probe Response: Excellent
Ammonia Electrode Calibration:
Standards Used: 0, 1, 10, & 100 ppm Slope: -56.2
Data:
Water Samples:
Split 1: pH: 6.848@ 21.4_C [Ammonia]: 85.0 ppm
Split 2: pH: 6.851 @21.4 _C [Ammonia]: 88.8 ppm
Dried Solid:
CHN:
ASH: 82.33%
Additional Notes:
Sample filtered through a 0.45-micron filter.
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Appendix B: Compiled Data
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High Temperature Experiments: Percent organic and inorganic mater calculations for initial and
post-experiment cyanobacterial mat samples.
Sample Name Crucible Wt.
Weight after 
105 C
Weight after 
550 C
Total Sample 
(g)
Total Organic 
(g)
Total Inorganic 
(g)
HP.00.001* 10.5515 10.9940 10.6427 0.4425 0.0912 0.3513
HP.00.002* 10.8947 11.2771 10.9739 0.3824 0.0792 0.3032
HP.2.100 9.9434 10.2794 10.2053 0.3360 0.0741 0.2619
HP.4.100 11.3900 11.9391 11.8417 0.5491 0.0974 0.4517
HP.8.100 10.7201 11.1122 11.0466 0.3921 0.0656 0.3265
HP.16.100 12.3944 12.9634 12.6689 0.2745 0.0474 0.2271
HP.32.100 10.0627 10.4979 10.4246 0.4352 0.0733 0.3619
HP .2.150 11.4521 11.7854 11.7147 0.3333 0.0707 0.2626
HP.4.150 11.0674 11.2072 11.1926 0.1398 0.0146 0.1252
HP.8.150 12.0525 12.5093 12.4513 0.4568 0.0580 0.3988
HP.16.150 10.7112 11.1544 11.1008 0.4432 0.0536 0.3896
HP.32.150 11.4350 11.9900 11.9319 0.5550 0.0581 0.4969
HP.2.200 10.1128 10.5125 10.4730 0.3997 0.0395 0.3602
HP.4.200 11.7902 12.2157 12.1828 0.4255 0.0329 0.3926
HP.8.200 11.5536 12.0696 12.0200 0.5160 0.0496 0.4664
HP. 16.200 15.9691 16.5053 16.4560 0.5362 0.0493 0.4869
HP.36.200 11.2287 11.6455 11.5987 0.4168 0.0468 0.3700
HP.72.200 16.5176 16.7727 16.7482 0.2551 0.0245 0.2306
* Starting material: initial unreacted cyanobacterial mat sample.
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High Temperature Experiments: Reported percent carbon, hydrogen and nitrogen for
hydrous pyrolysis experiments using dried cyanobacterial mats.
Sample Name Temp (C)
Duration
(hours)
W t%
Carbon
W t%
Hydrogen
W t%
Nitrogen
HP.00.001* 13.21 2.15 1.86
HP.00.002* 12.19 1.91 1.76
HP.2.100 100 2 10.5 1.58 1.43
HP.4.100 100 4 8.51 1.13 1.26
HP.8.100 100 8 9.45 1.48 1.15
HP.16.100 100 16 5.36 0.84 0.74
HP.32.100 100 32 5.03 1.27 0.64
HP.2.150 150 2
HP.4.150 150 4 4.81 0.58 0.72
HP.8.150 150 8 8.65 1.16 1.06
HP. 16.150 150 16 4.78 0.59 0.7
HP.32.150 150 32 4.29 0.58 0.53
HP.2.200 200 2 6.5 0.63 0.84
HP.4.200 200 4 4.8 0.49 0.57
HP.8.200 200 8 5.42 0.67 0.65
HP. 16.200 200 16 4.61 0.5 0.59
HP.36.200 200 36 5.04 0.71 0.57
HP.72.200 200 72 4.46 0.35 0.54
* Starting material: initial, unreacted dried cyanobacterial mat.
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High Temperature Experiments: Raw data from hydrous pyrolysis experiments 
using dried cyanobacterial mats.
Sample
Name
Experiment
Temperature
— . (Q
Experiment
Duration
(Hours)
Dried Mat 
Sample Used (g)
Deionized Water 
Used (g)
Measured
pH
Measured 
NH3 (ppm)
HP.2.100 100 2 2.147 12.331 4.917 2.93
HP.4.100 100 4 2.027 12.373 5.036 5.31
HP.8.100 100 8 2.072 12.428 5.204 15.87
HP. 16.100 100 16 2.102 12.348 5.442 28.84
HP.32.100 100 32 2.081 12.068 5.704 36.2
HP.2.150 150 2 2.136 12.128 5.112 38.4
HP.4.150 150 4 2.028 12.033 5.038 47.7
HP.8.150 150 8 2.017 12.081 4.925 62
HP. 16.150 150 16 2.104 12.067 4.663 97.3
HP.32.150 150 32 2.018 12.230 4.811 143
HP.2.200 200 2 2.951 13.452 4.667 200
HP.4.200 200 4 2.008 12.141 4.829 380
HP.8.200 200 8 2.085 12.005 5.189 702
HP. 16.200 200 16 2.593 14.053 5.853 928
HP.36.200 200 36 2.008 12.155 6.437 1320
HP.72.200 200 72 3.084 14.890 7.328 2002
Naming Convention: HP (for hydrous pyrolysis). Experiment duration (hours). Temperature (C)
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Low Temperature Experiments: Ammonia and pH data for Octopus
Spring water experiments using fresh microbial mat samples.
Sample
Name
Microbial 
Mat (g)
Solution
(g)
NH3
(PPm) 
Split 1
NH3 
(ppm) 
Split 2
Average
NH3
(ppm)
Average
pH
5A.OS.20 7.8966 17.3730 2.35 2.42 2.39 9.089
5B.OS.20 10.5934 9.8585 2.28 2.31 2.30 8.935
10.OS.20 7.5901 20.3514 1.70 1.68 1.69 7.799
20A.OS.20 7.2546 17.8737 4.10 4.12 4.11 7.747
20B.OS.20 10.8105 16.7063 3.02 2.95 2.99 6.830
40.0S.20 7.2328 17.1784 10.9 11.0 10.95 6.600
80.0S.20 7.1071 17.1475 36.1 35.8 35.95 6.808
5A.OS.35 7.4570 17.0372 5.08 4.98 5.03 8.145
5B.OS.35 10.6333 9.5508 2.35 2.45 2.40 8.390
10.OS.35 7.3092 18.8012 2.33 2.52 2.43 6.640
20A.OS.35 7.0861 16.9601 5.30 5.39 5.35 6.610
20B.OS.35 11.4343 9.8616 4.72 4.78 4.75 6.450
40.OS.35 7.4553 21.5906 17.9 18.6 18.25 6.640
80.OS.35 7.5228 21.5955 75.4 77.5 76.45 6.810
5A.OS.60 7.7731 17.0900 1.47 1.43 1.45 6.555
5B.OS.60 10.1560 12.2787 22.1 24.1 23.10 6.505
10.OS.60 7.0208 17.3850 29.6 29.3 29.45 6.315
20A.OS.60 7.6467 15.9977 87.8 87.5 87.65 6.290
20B.OS.60 11.1776 12.6384 91.2 91.6 91.40 6.175
40.0S.60 7.4528 17.4215 144 140 142.00 8.845
80.0S.60 7.7622 17.0526 77.8 78.1 77.95 7.342
Note: Initial pH o f Octopus Spring water pH was 8.44.
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Low Temperature Experiments: Ammount of microbial mat and solution used
in deionized water experiments & post-experimental pH and ammonia results.
Sample
Name
Fresh Mat 
(g)
Deionized Water 
(g)
n h 3
(ppm) pH
5A.DI.20 11.4576 21.4317 0.963 6.55
5B.DI.20 10.5054 20.4806 0.565 6.64
10A.DI.20 10.8338 22.7246 0.932 6.42
10A.DI.20 10.8338 22.7246 0.932 6.42
10B.DI.20 10.2135 20.189 0.545 6.59
20.DI.20 10.3590 20.5226 2.58 6.21
40.DI.20 10.1498 20.0066 6.46 6.688
80.DI.20 10.6422 20.7654 41.4 6.265
5A.DI.35 11.9795 22.9399 0.932 6.31
5B.DI.35 11.1037 21.2432 0.827 6.42
10A.DI.35 10.5774 20.3168 0.571 6.11
10B.DI.35 10.6528 .20.1099 0.791 6.16
20.DI.35 10.4248 20.1282 3.89 6.49
40.DI.35 10.3630 20.8732 7.68 6.571
80.DI.35 10.7023 20.7617 51.4 6.402
5A.DI.60 10.8960 20.0503 3.23 6.24
5B.DI.60 10.5138 22.4615 4.74 5.98
10A.DI.60 10.5563 21.9847 16.9 5.96
10B.DI.60 10.9445 20.3042 72.1 5.76
20.DI.60 10.6508 20.0399 75.6 6.00
40.DI.60 10.5436 20.3287 52.9 7.233
80.DI.60 10.2534 21.4847 85 6.848
Note: Initial pH of deionized water was 5.600.
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Low Temperature Experiments: Carbon, hydrogen and nitrogen calculations for the starting fresh microbial mat samples 
in the deionized water and Octopus Spring water experiments using fresh cyanobacterial mats.
Octopus Spring Water Starting Fresh Mat Samples
Sample Name
Sample
Description % Carbon % Hydrogen % Nitrogen
oo.os.oo Starting Dried Mats 10.37 1.67 1.65
00.OS2.01 Starting Dried Mats 18.34 2.7 2.66
00.OS2.02 Starting Dried Mats 21.04 3.28 3.02
00.OS2.03 Starting Dried Mats 17.17 2.69 2.58
00.OS2.04 Starting Dried Mats 25.49 3.96 3.50
00.OS2.05 Starting Dried Mats 19.39 2.95 2.62
00.OS2.06 Starting Dried Mats 25.70 4.07 3.60
00.OS2.07 Starting Dried Mats 25.74 4.12 3.46
00.OS2.08 Starting Dried Mats 11.09 1.68 1.43
Deionized Water Starting Fresh Mat Samples
Sample Name
Sample
Description % Carbon % Hydrogen % Nitrogen
00.DI.00 Starting Dried Mats 23.4 3.0 3.6
R6.DI.01 Starting Dried Mats 10.9 1.2 1.7
R6.DI.02 Starting Dried Mats 12.7 1.4 1.9
R6.DI.03 Starting Dried Mats 11.7 1.2 1.8
R6.DI.04 Starting Dried Mats 19.8 2.2 3.2
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Low Temperature Experiments: Carbon, hydrogen and nitrogen calculations
for Octopus Spring water experiments using fresh cyanobacterial mats.
Sample Name
Temp
(C)
Duration
(Days)
%
Carbon
%
Hydrogen
%
Nitrogen
5.0S.20 20 5 11.40 1.56 1.39
5B.OS.20 20 5 12.08 1 7? 1.68
10.OS.20 20 10 9.44 1.21 0.98
20.0S.20 20 20 12.77 1.72 1.88
20B.OS.20 20 20 13.13 1.92 1.89
20.0S2.20 20 20 20.45 2.75 2.86
20B.OS2.20 20 20 6.28 0.83 1.03
20C.OS2.20 20 20 20.16 2.75 2.62
20D.OS2.20 20 20 15.51 2.10 1.99
40.0S.20 20 40 12.94 1.74 1.70
80.0S.20 20 80 10.12 1.52 1.23
5A.OS.35 35 5 11.73 1.80 1.48
5B.OS.35 35 5 19.74 2.88 2.81
5.0S2.35 35 5 11.09 1.36 1.42
10.OS.35 35 10 9.17 1.23 1.10
20.OS.35 35 20 8.59 1.29 0.98
20B.OS.35 35 20 14.45 2.08 2.05
20A.OS2.35 35 20 9.51 1.06 1.96
20B.OS2.35 35 20 11.10 1.29 2.74
20C.OS2.35 35 20 14.69 1.95 2.03
20D.OS2.35 35 20 8.70 0.99 1.29
40.OS.35 35 40 9.69 1.36 1.12
80.OS.35 35 80 11.88 1.63 1.39
5.OS.60 58 5 6.99 1.07 0.81
5B.OS.60 58 5 8.81 1.44 1.17
5.OS2.60 58 5 18.40 2.49 2.48
5B.OS2.60 58 5 17.79 2.53 2.60
10.0S.60 58 10 14.05 2.13 1.79
20A.OS.60 58 20 12.66 1.65 1.84
20B.OS.60 58 20 10.58 1.59 1.45
20B.OS2.60 58 20 5.16 0.52 2.99
20C.OS2.60 58 20 10.05 1.36 1.43
20D.OS2.60 58 20 7.71 0.96 1.11
40.0S.60 58 40 7.44 0.88 1.07
80.0S.60 58 80 7.55 1.17 0.86
Note: Additional samples represent splits and replicates.
-135-
High Temperature Experiments: Reported percent carbon, hydrogen and 
nitrogen deionized water experiments using fresh cyanobacterial mats.
Sample
Name Sample Description
%
Carbon
%
Hydrogen %  Nitrogen
00.DI.00 Starting Material 23.4 3.0 3.6
R6.DI.01 Starting Material 10.9 1.2 1.7
R6.DI.02 Starting Material 12.7 1.4 1.9
R6.DI.03 Starting Material 11.7 1.2 1.8
R6.DI.04 Starting Material 19.8 2.2 3.2
Sample
Name
Temperature
(C )
Duration
(days)
%
Carbon
%
Hydrogen
%
Nitrogen
5A.DI.20 20 5 13.09 2.13 1.71
5B.DI.20 20 5 9.15 1.40 1.19
10A.DI.20 20 10 19.80 2.89 2.62
10B.DI.20 20 10 13.59 1.91 1.88
20.DI.20 20 20 14.87 2.07 2.10
40.DI.20 20 40 12.24 1.82 1.45
80.DI.20 20 80 12.81 2.03 1.77
5A.DI.35 35 5 8.76 1.23 1.03
5B.DI.35 35 5 11.29 1.62 1.57
10A.DI.35 35 10 9.14 1.33 1.15
10B.DI.35 35 10 12.12 1.78 1.55
20.DI.35 35 20 4.90 0.68 0.75
40.DI.35 35 40 8.99 1.28 0.91
80.DI.35 35 80 8.33 1.15 1.08
5A.DI.60 58 5 9.58 1.33 1.11
5B.DI.60 58 5 9.82 1.32 1.23
10A.DI.60 58 10 7.66 1.14 0.74
10B.DI.60 58 10 18.52 2.70 2.70
20.DI.60 58 20 13.55 2.26 1.82
40.DI.60 58 40 5.62 1.08 0.76
80.DI.60 58 80 7.53 1.42 1.28
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Appendix C: Calculation Data Sheets
- 137-
High Temperature Experiments: Calculations for percent oganic and inorganic content of initial dried 
cyanobacterial mats and residual cyanobacterial mat material upon experimental completion. .
Sample Crucible Wt.
Wt after 105 
C
Wt after 550 
C
Total
Sample
Total
Organic
Total
Inorganic % Organics % Inorganic
HP.00.001 10.5515 10.9940 10.6427 0.4425 0.0912 0.3513 20.61 79.39
HP.00.002 10.8947 11.2771 10.9739 0.3824 0.0792 0.3032 20.70 79.30
HP.2.100 9.9434 10.2794 10.2053 0.3360 0.0741 0.2619 22.05 77.95
HP.4.100 11.3900 11.9391 11.8417 0.5491 0.0974 0.4517 17.74 82.26
HP.8.100 10.7201 11.1122 11.0466 0.3921 0.0656 0.3265 16.73 83.27
HP.16.100 12.3944 12.9634 12.6689 0.2745 0.0474 0.2271 17.26 82.74
HP.32.100 10.0627 10.4979 10.4246 0.4352 0.0733 0.3619 16.84 83.16
HP.2.150 11.4521 11.7854 11.7147 0.3333 0.0707 0.2626 21.21 78.79
HP.4.150 11.0674 11.2072 11.1926 0.1398 0.0146 0.1252 10.44 89.56
HP.8.150 12.0525 12.5093 12.4513 0.4568 0.0580 0.3988 12.70 87.30
HP.16.150 10.7112 11.1544 11.1008 0.4432 0.0536 0.3896 12.09 87.91
HP.32.150 11.4350 11.9900 11.9319 0.5550 0.0581 0.4969 10.47 89.53
HP.2.200 10.1128 10.5125 10.4730 0.3997 0.0395 0.3602 9.88 90.12
HP.4.200 11.7902 12.2157 12.1828 0.4255 0.0329 0.3926 7.73 92.27
HP.8.200 11.5536 12.0696 12.0200 0.5160 0.0496 0.4664 9.61 90.39
HP. 16.200 15.9691 16.5053 16.4560 0.5362 0.0493 0.4869 9.19 90.81
HP.36.200 11.2287 11.6455 11.5987 0.4168 0.0468 0.3700 11.23 88.77
HP.72.200 16.5176 16.7727 16.7482 0.2551 0.0245 0.2306 9.60 90.40
* HP.00.001 and HP.00.002 are initial (unreacted) mat samples.
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High Temperature Experiments: Carbon, hydrogen and nitrogen calculations for hydrous pyrolysis
experiments using dried cyanobacterial mats.
Sample Name Temp (C)
Duration
(hour)
Wt%
Carbon
%
Change
Wt%
Hydrogen
Wt%
Nitrogen
%
Change C/N
%
Change
HP.00.001* 13.21 2.15 1.86 7.10
HP.00.002* 12.19 1.91 1.76 6.93
HP.2.100 100 2 10.5 -17.32 1.58 1.43 -20.99 7.34 4.63
HP.4.100 100 4 8.51 -32.99 1.13 1.26 -30.39 6.75 -3.78
HP.8.100 100 8 9.45 -25.59 1.48 1.15 -36.46 8.22 17.18
HP.16.100 100 16 5.36 -57.80 0.84 0.74 -59.12 7.24 3.21
HP.32.100 100 32 5.03 -60.39 1.27 0.64 -64.64 7.86 12.05
HP.2.150 150 2
HP.4.150 150 4 4.81 -62.13 0.58 0.72 -60.22 6.68 -4.78
HP.8.150 150 8 8.65 -31.89 1.16 1.06 -41.44 8.16 16.32
HP.16.150 150 16 4.78 -62.36 0.59 0.7 -61.33 6.83 -2.64
HP.32.150 150 32 4.29 -66.22 0.58 0.53 -70.72 8.09 15.32
HP.2.200 200 2 6.5 -48.82 0.63 0.84 -53.59 7.74 10.33
HP.4.200 200 4 4.8 -62.20 0.49 0.57 -68.51 8.42 20.03
HP.8.200 200 8 5.42 -57.32 0.67 0.65 -64.09 8.34 18.89
HP. 16.200 200 16 4.61 -63.70 0.5 0.59 -67.40 7.81 11.33
HP.36.200 200 36 5.04 -60.31 0.71 0.57 -68.51 8.84 26.02
HP.72.200 200 72 4.46 -64.88 0.35 0.54 -70.17 8.26 17.75
* Starting samples: initial, unreacted dried cyanobacterial mat.
** % Change from average value of starting samples
-139-
High Temperature Experiments: Ammonia calculations for ammonia generation from dried
cyanobacterial mats
Sample
Name
Temperature
(C)
Duration
(Hours) g Solid gDI
[NH3]
(ppm)
mmol NH3/1 
Solution
mmol NH3/g 
Mat Sample
HP.2.100 100 2 2.147 12.331 2.93 0.17 0.0010
HP.4.100 100 4 2.027 12.373 5.31 0.31 0.0019
HP.8.100 100 8 2.072 12.428 15.87 0.93 0.0056
HP. 16.100 100 16 2.102 12.348 28.84 1.69 0.0099
HP.32.100 100 32 2.081 12.068 36.2 2.13 0.0123
HP.2.150 150 2 2.136 12.128 38.4 2.25 0.0128
HP.4.150 150 4 2.028 12.033 47.7 2.80 0.0166
HP.8.150 150 8 2.017 12.081 62 3.64 0.0218
HP.16.150 150 16 2.104 12.067 97.3 5.71 0.0328
HP.32.150 150 32 2.018 12.23 143 8.40 0.0509
HP.2.200 200 2 2.951 13.452 200 11.74 0.0535
HP.4.200 200 4 2.008 12.141 380 22.31 0.1349
HP.8.200 200 8 2.085 12.005 702 41.22 0.2373
HP. 16.200 200 16 2.593 14.053 928 54.49 0.2953
HP.36.200 200 36 2.008 12.155 1320 77.51 0.4692
HP.72.200 200 72 3.084 14.89 2002 117.55 0.5676
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High Temperature Experiments: Percent Ammonia Evolution per Hour
(from hydrous pyrolysis experiments using dreid cyanobacterial mats)
Actual Percent Ammonia Evolution per
Duration
(hours)
[NH3]
(ppm)
% Change/ 
Hour
2 200
4 380 23.684
8 702 11.467
16 928 3.044
36 1320 1.485
72 2002 0.946
Notes:
* % Change calculated by dividing the 
ammonia concentration by the duration 
o f the experiment.
** Calculated ammonia concentrations were 
derived using the regression equation:
[NH3] = 0.1444* ln(x) - 0.0631 
where x = time in hours 
(see Graph IV.6, page 36)
Calculated Percent Ammonia Evolution 
per Hour (at 200 C)
Duration
(hours)
[NH3]
(ppm)
% Change/ 
Hour
2 72.52
3 266.88 72.8
4 404.8 34.1
5 511.8 20.9
10 844.02 7.87
20 1176 2.82
30 1371 1.42
40 1509 0.914
50 1616 0.662
60 1703 0.513
70 1777 0.416
80 1841 0.348
100 1948 0.275
120 2035 0.215
140 2109 0.175
160 2173 0.147
180 2230 0.127
200 2280 0.111
220 2326 0.098
240 2367 0.088
260 2406 0.080
280 2441 0.073
300 2474 0.067
320 2505 0.062
340 2534 0.057
360 2562 0.053
380 2588 0.050
400 2612 0.047
420 2636 0.044
440 2658 0.042
460 2679 0.040
480 2700 0.038
500 2719 0.036
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High Temperature Experiments: Kinetic Calculations for Ammonia Generation from Dried
Cyanobacterial Mats
Sample
Duration
(hours)
Temp
(C)
mmol NHj/g 
Solid
X (fraction 
of reaction) 1/(1-X) In (1/1-X) Temp (K) 1/T (K) In (1/1-X)
HP.2.200 2 200 0.0535 0.0943 1.1041 0.0991 473.15 0.002113 0.0991
HP.4.200 4 200 0.1349 0.2377 1.3118 0.2714 473.15 0.002113 0.2714
HP.8.200 8 200 0.2373 0.4182 1.7187 0.5416 473.15 0.002113 0.5416
HP. 16.200 16 200 0.2953 0.5203 2.0847 0.7346 473.15 0.002113 0.7346
HP.36.200 36 200 0.4692 0.8266 5.7686 1.7524 473.15 0.002113 1.7524
HP.72.200 72 200 0.5676 1.0000
HP.2.150 2 150 0.0128 0.0226 1.0231 0.0228 423.15 0.002363 0.0228
HP.4.150 4 150 0.0166 0.0293 1.0302 0.0297 423.15 0.002363 0.0297
HP.8.150 8 150 0.0218 0.0384 1.0400 0.0392 423.15 0.002363 0.0292
HP. 16.150 16 150 0.0328 0.0577 1.0613 0.0595 423.15 0.002363 0.0595
HP.32.150 32 150 0.0509 0.0897 1.0985 0.0939 423.15 0.002363 0.0939
HP.2.100 2 100 0.0010 0.0017 1.0017 0.0017 373.15 0.002680 0.0017
HP.4.100 4 100 0.0019 0.0034 1.0034 0.0034 373.15 0.002680 0.0034
HP.8.100 8 100 0.0056 0.0098 1.0099 0.0099 373.15 0.002680 0.0099
HP.16.100 16 100 0.0099 0.0175 1.0178 0.0177 373.15 0.002680 0.0177
HP.32.100 32 100 0.0123 0.0217 1.0222 0.0220 373.15 0.002680 0.0220
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High Temperature Experiments: Mass balance calculations
Initial moles of nitrogen in microbial mats used in the hydrous pyrolysis experiments.
Sample
Name
Temp
(C)
Duration
(hours) g Solid
Max
Grams
Nitrogen
Min Grams 
Nitrogen
Max Moles 
Nitrogen
Min Moles 
Nitrogen
Max
mmol
Nitrogen
Min mmol 
Nitrogen
Mean
mmol
HP.2.100 100 2 2.147 0.042725 0.035211 0.003050 0.002514 3.05 2.51 2.78
HP.4.100 100 4 2.027 0.040337 0.033243 0.002880 0.002373 2.88 2.37 2.63
HP.8.100 100 8 2.072 0.041233 0.033981 0.002944 0.002426 2.94 2.43 2.68
HP.16.100 100 16 2.102 0.041830 0.034473 0.002986 0.002461 2.99 2.46 2.72
HP.32.100 100 32 2.081 0.041412 0.034128 0.002957 0.002437 2.96 2.44 2.70
HP.2.150 150 2 2.136 0.042506 0.035030 0.003035 0.002501 3.03 2.50 2.77
HP.4.150 150 4 2.028 0.040357 0.033259 0.002881 0.002375 2.88 2.37 2.63
HP.8.150 150 8 2.017 0.040138 0.033079 0.002866 0.002362 2.87 2.36 2.61
HP.16.150 150 16 2.104 0.041870 0.034506 0.002989 0.002463 2.99 2.46 2.73
HP.32.150 150 32 2.018 0.040158 0.033095 0.002867 0.002363 2.87 2.36 2.61
HP.2.200 200 2 2.951 0.058725 0.048396 0.004193 0.003455 4.19 3.46 3j82
HP.4.200 200 4 2.008 0.039959 0.032931 0.002853 0.002351 2.85 2.35 2j60
HP.8.200 200 8 2.085 0.041492 0.034194 0.002962 0.002441 2.96 2.44 2.70
HP.16.200 200 16 2.593 0.051601 0.042525 0.003684 0.003036 3.68 3.04 3.36
HP.36.200 200 36 2.008 0.039959 0.032931 0.002853 0.002351 2.85 2.35 2.60
HP.72.200 200 72 3.084 0.061372 0.050578 0.004382 0.003611 4.38 3.61 4.00
* Maximum and minimum nitrogen content was calculated using 1.99% and 1.64%, which encompasses both the 
7% instrumental error reported for the initial sample results of 1.86% and 1.76% nitrogen.
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High Temperature Experiments: Mass balance calculations
Moles of Nitrogen Evolved Into Solution
Sample
Name
Temp
(C)
Duration
(hours) gDI Liters DI
ppm NH3 
(mg/L)
mg NH3 in 
Solution
mmoles
Nitrogen
HP.2.100 100 2 12.331 0.012331 2.93 0.03613 0.0021
HP.4.100 100 4 12.373 0.012373 5.31 0.06570 0.0038
HP.8.100 100 8 12.428 0.012428 15.87 0.19723 0.012
HP. 16.100 100 16 12.348 0.012348 28.84 0.35612 0.021
HP.32.100 100 32 12.068 0.012068 36.2 0.43686 0.026
HP.2.150 150 2 12.128 0.012128 38.4 0.46572 0.027
HP.4.150 150 4 12.033 0.012033 47.7 0.57397 0.034
HP.8.150 150 8 12.081 0.012081 62 0.74902 0.044
HP. 16.150 150 16 12.067 0.012067 97.3 1.17412 0.069
HP.32.150 150 32 12.23 0.012230 143 1.74889 0.10
HP.2.200 200 2 13.452 0.013452 200 2.69040 0.16
HP.4.200 200 4 12.141 0.012141 380 4.61358 0.27
HP.8.200 200 8 12.005 0.012005 702 8.42751 0.49
HP. 16.200 200 16 14.053 0.014053 928 13.04118 0.76
HP.36.200 200 36 12.155 0.012155 1320 16.04460 0.94
HP.72.200 200 72 14.89 0.01489 2002 29.80978 1.7
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High Temperature Experiments: Mass balance calculations
Percent Nitrogen Evolved Into Solution
Sample Name
Temp
(C)
Duration
(hours)
Starting
mmol
Nitrogen
mmoles 
Nitrogen into 
Solution
%
Nitrogen
Evolved
HP.2.100 100 2 2.78 0.0021 0.076
HP.4.100 100 4 2.63 0.0038 0.15
HP.8.100 100 8 2.68 0.012 0.43
HP. 16.100 100 16 2.72 0.021 0.76
HP.32.100 100 32 2.70 0.026 0.95
HP.2.150 150 2 2.77 0.027 0.98
HP.4.150 150 4 2.63 0.034 1.3
HP.8.150 150 8 2.61 0.044 1.7
HP. 16.150 150 16 2.73 0.069 2.5
HP.32.150 150 32 2.61 0.10 3.9
HP.2.200 200 2 3.82 0.16 4.1
HP.4.200 200 4 2.60 0.27 10
HP.8.200 200 8 2.70 0.49 18
HP. 16.200 200 16 3.36 0.76 23
HP.36.200 200 36 2.60 0.94 36
HP.72.200 200 72 4.00 1.7 44
- 145 -
Low Temperature Experiments: Carbon, hydrogen, nitrogen calculations for the starting fresh microbial mat samples
in the deionized water and Octopus Spring water experiments.
Octopus Spring Water Starting Fresh Mat Samples
Sample Name
Sample
Description % Carbon % Hydrogen % Nitrogen C/N
oo.os.oo Starting Dried Mats 10.37 1.67 1.65 6.28
00.OS2.01 Starting Dried Mats 18.34 2.7 2.66 6.89
00.OS2.02 Starting Dried Mats 21.04 3.28 3.02 6.97
00.OS2.03 Starting Dried Mats 17.17 2.69 2.58 6.66
00.OS2.04 Starting Dried Mats 25.49 3.96 3.50 7.28
00.OS2.05 Starting Dried Mats 19.39 2.95 2.62 7.40
00.OS2.06 Starting Dried Mats 25.70 4.07 3.60 7.14
00.OS2.07 Starting Dried Mats 25.74 4.12 3.46 7.44
00.OS2.08 Starting Dried Mats 11.09 1.68 1.43 7.76
Deionized Water Starlting Fresh Mat Samples
Sample Name
Sample
Description % Carbon % Hydrogen % Nitrogen C/N
00.DI.00 Starting Dried Mats 23.4 3.0 3.6 6.50
R6.DI.01 Starting Dried Mats 10.9 1.2 1.7 6.41
R6.DI.02 Starting Dried Mats 12.7 1.4 1.9 6.68
R6.DI.03 Starting Dried Mats 11.7 1.2 1.8 6.50
R6.DI.04 Starting Dried Mats 19.8 2.2 3.2 6.19
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Low Temperature Experiments: Carbon, hydrogen and nitrogen calculations
for Octopus Spring water experiments using fresh cyanobacterial mats.
Sample
Name
Temp
(C)
Duration
(Days)
%
Carbon
%
Hydrogen
%
Nitrogen C/N C/C+N
5.0S.20 20 5 11.40 1.56 1.39 8.20 0.89
5B.OS.20 20 5 12.08 1.72 1.68 7.19 0.88
10.OS.20 20 10 9.44 1.21 0.98 9.63 0.91
20.0S.20 20 20 12.77 1.72 1.88 6.79 0.87
20B.OS.20 20 20 13.13 1.92 1.89 6.95 0.87
20.0S2.20 20 20 20.45 2.75 2.86 7.15 0.88
20B.OS2.20 20 20 6.28 0.83 1.03 6.10 0.86
20C.OS2.20 20 20 20.16 2.75 2.62 7.70 0.88
20D.OS2.20 20 20 15.51 2.10 1.99 7.79 0.89
40.0S.20 20 40 12.94 1.74 1.70 7.61 0.88
80.0S.20 20 80 10.12 1.52 1.23 8.23 0.89
5A.OS.35 35 5 11.73 1.80 1.48 7.93 0.89
5B.OS.35 35 5 19.74 2.88 2.81 7.03 0.88
5.0S2.35 35 5 11.09 1.36 1.42 7.81 0.89
10.OS.35 35 10 9.17 1.23 1.10 8.34 0.89
20.OS.35 35 20 8.59 1.29 0.98 8.77 0.90
20B.OS.35 35 20 14.45 2.08 2.05 7.05 0.88
20A.OS2.35 35 20 9.51 1.06 1.96 4.85 0.83
20B.OS2.35 35 20 11.10 1.29 2.74 4.05 0.80
20C.OS2.35 35 20 14.69 1.95 2.03 7.24 0.88
20D.OS2.35 35 20 8.70 0.99 1.29 6.74 0.87
40.OS.35 35 40 9.69 1.36 1.12 8.65 0.90
80.OS.35 35 80 11.88 1.63 1.39 8.55 0.90
5.OS.60 58 5 6.99 1.07 0.81 8.63 0.90
5B.OS.60 58 5 8.81 1.44 1.17 7.53 0.88
5.OS2.60 58 5 18.40 2.49 2.48 7.42 0.88
5B.OS2.60 58 5 17.79 2.53 2.60 6.84 0.87
10.0S.60 58 10 14.05 2.13 1.79 7.85 0.89
20A.OS.60 58 20 12.66 1.65 1.84 6.88 0.87
20B.OS.60 58 20 10.58 1.59 1.45 7.30 0.88
20B.OS2.60 58 20 5.16 0.52 2.99 1.73 0.63
20C.OS2.60 58 20 10.05 1.36 1.43 7.03 0.88
20D.OS2.60 58 20 7.71 0.96 1.11 6.95 0.87
40.0S.60 58 40 7.44 0.88 1.07 6.95 0.87
80.0S.60 58 80 7.55 1.17 0.86 8.78 0.90
Note: Additional samples represent replicates run to quantify variability of elemental
distribution between individual samples.
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Low Temperature Experiments: Carbon, hydrogen, nitrogen calculations
for deionized water experiments using fresh cyanobacterial mats.
Sample
Name
Temp
(C )
Duration
(days)
%
Carbon
%
Hydrogen
%
Nitrogen C/N
5A.DI.20 20 5 13.09 2.13 1.71 7.65
5B.DI.20 20 5 9.15 1.40 1.19 7.69
10A.DI.20 20 10 19.80 2.89 2.62 7.56
10B.DI.20 20 10 13.59 1.91 1.88 7.23
20.DI.20 20 20 14.87 2.07 2.10 7.08
40.DI.20 20 40 12.24 1.82 1.45 8.44
80.DI.20 20 80 12.81 2.03 1.77 7.24
5A.DI.35 35 5 8.76 1.23 1.03 8.50
5B.DI.35 35 5 11.29 1.62 1.57 7.19
10A.DI.35 35 10 9.14 1.33 1.15 7.95
10B.DI.35 35 10 12.12 1.78 1.55 7.82
20.DI.35 35 20 4.90 0.68 0.75 6.53
40.DI.35 35 40 8.99 1.28 0.91 9.88
80.DI.35 35 80 8.33 1.15 1.08 7.71
5A.DI.60 58 5 9.58 1.33 1.11 8.63
5B.DI.60 58 5 9.82 1.32 1.23 7.98
10A.DI.60 58 10 7.66 1.14 0.74 10.35
10B.DI.60 58 10 18.52 2.70 2.70 6.86
20.DI.60 58 20 13.55 2.26 1.82 7.45
40.DI.60 58 40 5.62 1.08 0.76 7.39
80.DI.60 58 80 7.53 1.42 1.28 5.88
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Low Temperature Experiments: Ammonia and pH calculations for Octopus
Spring water experiments using fresh microbial mat samples.
Sample
Name
Microbial 
Mat (g)
Solution
(g)
nh3
(ppm) 
Split 1
n h 3
(ppm) 
Split 2
Average
nh3
(ppm)
Average 
mmol NH3/ 
g Sample
Average
pH
Average 
pH Change
5A.OS.20 7.8966 17.3730 2.35 2.42 2.39 3.036E-04 9.089 0.649
5B.OS.20 10.5934 9.8585 2.28 2.31 2.30 1.246E-04 8.935 0.495
10.OS.20 7.5901 20.3514 1.70 1.68 1.69 2.677E-04 7.799 -0.641
20A.OS.20 7.2546 17.8737 4.10 4.12 4.11 5.931E-04 7.747 -0.693
20B.OS.20 10.8105 16.7063 3.02 2.95 2.99 2.740E-04 6.830 -1.61
40.0S.20 7.2328 17.1784 10.9 11.0 10.95 1.520E-03 6.600 -1.84
80.0S.20 7.1071 17.1475 36.1 35.8 35.95 5.114E-03 6.808 -1.63
5A.OS.35 7.4570 17.0372 5.08 4.98 5.03 6.815E-04 8.145 -0.295
5B.OS.35 10.6333 9.5508 2.35 2.45 2.40 1.239E-04 8.390 -0.050
10.OS.35 7.3092 18.8012 2.33 2.52 2.43 3.519E-04 6.640 -1.80
20A.OS.35 7.0861 16.9601 5.30 5.39 5.35 7.449E-04 6.610 -1.83
20B.OS.35 11.4343 9.8616 4.72 4.78 4.75 2.390E-04 6.450 -1.99
40.OS.35 7.4553 21.5906 17.9 18.6 18.25 3.044E-03 6.640
ooo1
80.OS.35 7.5228 21.5955 75.4 77.5 76.45 1.271E-02 6.810 -1.63
5A.OS.60 7.7731 17.0900 1.47 1.43 1.45 1.898E-04 6.555 -1.89
5B.OS.60 10.1560 12.2787 22.1 24.1 23.10 1.569E-03 6.505 -1.94
10.0S.60 7.0208 17.3850 29.6 29.3 29.45 4.304E-03 6.315 -2.13
20A.OS.60 7.6467 15.9977 87.8 87.5 87.65 1.079E-02 6.290 -2.15
20B.OS.60 11.1776 12.6384 91.2 91.6 91.40 6.055E-03 6.175 -2.27
40.0S.60 7.4528 17.4215 144 140 142.00 1.977E-02 8.845 0.405
80.0S.60 7.7622 17.0526 77.8 78.1 77.95 1.004E-02 7.342 -1.10
Starting Octopus Spring water pH was 8.44.
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Low Temperature Experiments: Ammonia and pH calculations for deionized
water experiments using fresh microbial mat samples. Starting PI pH was 5.6.
Sample
Name
Microbial 
Mat (g)
Solution
(g)
NH3 (ppm) 
Split 1 & 2 pH (final)
pH
Change
mmol NH3/  
g Sample
5A.DI.20 11.4576 21.4317 0.963 6.55 0.95 0.1058
0.950 6.57 0.97 0.1043
5B.DI.20 10.5054 20.4806 0.565 6.64 1.04 0.0647
0.570 6.63 1.03 0.0652
10A.DI.20 10.8338 22.7246 0.932 6.42 0.82 0.1148
0.919 6.45 0.85 0.1132
10B.DI.20 10.2135 20.189 0.545 6.59 0.99 0.0633
0.539 6.58 0.98 0.0626
20.DI.20 10.359 20.5226 2.58 6.21 0.61 0.3001
2.67 6.24 0.64 0.3106
40.DI.20 10.1498 20.0066 6.46 6.688 1.088 0.7477
6.88 6.708 1.108 0.7963
80.DI.20 10.6422 20.7654 41.4 6.265 0.665 4.7433
40.8 6.288 0.688 4.6746
5A.DI.35 11.9795 22.9399 0.932 6.31 0.71 0.1048
0.939 6.35 0.75 0.1056
5B.DI.35 11.1037 21.2432 0.827 6.42 0.82 0.0929
0.795 6.44 0.84 0.0893
10A.DI.35 10.5774 20.3168 0.571 6.11 0.51 0.0644
0.695 6.08 0.48 0.0784
10B.DI.35 10.6528 20.1099 0.791 6.16 0.56 0.0877
0.816 6.17 0.57 0.0905
20.DI.35 10.4248 20.1282 3.89 6.49 0.89 0.4410
4.02 6.51 0.91 0.4558
40.DI.35 10.363 20.8732 7.68 6.571 0.971 0.9083
8.28 6.542 0.942 0.9793
80.DI.35 10.7023 20.7617 51.4 6.402 0.802 5.8550
51.6 6.433 0.833 5.8777
5A.DI.60 10.896 20.0503 3.23 6.24 0.64 0.3490
3.26 6.23 0.63 0.3522
5B.DI.60 10.5138 22.4615 4.74 5.98 0.38 0.5946
4.76 5.99 0.39 0.5971
10A.DI.60 10.5563 21.9847 16.9 5.96 0.36 2.0667
17.1 5.94 0.34 2.0911
10B.DI.60 10.9445 20.3042 72.1 5.76 0.16 7.8542
66.5 5.76 0.16 7.2441
20.DI.60 10.6508 20.0399 75.6 6 0.4 8.3524
75.4 6.04 0.44 8.3303
40.DI.6Q 10.5436 20.3287 52.9 7.233 1.633 5.9890
52.7 7.235 1.635 5.9663
80.DI.60 10.2534 21.4847 85.0 6.848 1.248 10.4582
88.8 6.851 1.251 10.9257
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Appendix D: Statistical Analyses
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High Temperature Experiments: Statistical analysis of differences between
data sets using Two-Sample t-Tests assuming unequal variances at a 95% confidence interval.
Comparison of pH values XOOC Data 150C Data
Mean 5.2606 4.9098
Vai iance 0.10U3048 0.U32U557
Observations 5 5
Pooled Variance 3.5
df 6.319740667
t 2.156082563
P(T<=t) one-tail 0.037239197
t Critical one-tail 2.446913641
P(T<=t) two-tail 0.074478394
t Critical two-tail 2.968681656
Comparison of pH values 100C Data 200C Data
Mean 5.2606 5.717166667
Variance 0.1003048 1.060408967
Observations 5 6
Pooled Variance 3.5
df 6.101246863
t -1.029191763
P(T<=t) one-tail 0.171539725
t Critical one-tail 2.446913641
P(T<=t) two-tail 0.34307945
t Critical two-tail 2.968681656
Comparison of pH values 150C Data 200C Data
Mean 4.9098 5.717166667
Variance 0.0320557 1.060408967
Observations 5 6
Pooled Variance 3.5
df 5.360516862
t -1.886566569
P(T<=t) one-tail 0.058939251
t Critical one-tail 2.570577635
P(T<=t) two-tail 0.117878502
t Critical two-tail 3.163386282
Experiments conducted under hydrous pyrolysis conditions using dried cyanobacterial mats.
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High Temperature Experiments: Statistical analysis of differences between
data sets using Two-Sample t-Tests assuming unequal variances at a 95% confidence interval.
Comparison of mmol NHVg dried mat 100C Data 150C Data
Mean 0.006151079 0.026976433
Variance 2.43926E-05 0.000235056
Ofeci valiuiis 5 5
Pooled Variance 3.5
df 4.821344007
f -2=891022124
P(T<=t) one-tail 0.022258596
t Critical one-tail 2.776450856
P(T<=t) two-tail 0.044517191
t Critical two-tail 3.495406418
Comparison of mmol NHVg dried mat 100C Data 200C Data
Mean 0.006151079 0.292975384
Variance 2.43926E-05 0.038373668
Observations 5 6
Pooled Variance 3.5
df 5.0076272
t -3.585166594
P(T<=t) one-tail 0.007894216
t Critical one-tail 2.570577635
P(T<=t) two-tail 0.015788433
t Critical two-tail 3.163386282
Comparison of mmol NHj/g dried mat 150C Data 200C Data
Mean 0.026976433 0.292975384
Variance 0.000235056 0.038373668
Observations 5 6
Pooled Variance 3.5
df 5.073433009
t -3.313970028
P(T<=t) one-tail 0.010573957
t Critical one-tail 2.570577635
P(T<=t) two-tail 0.021147913
t Critical two-tail 3.163386282
Experiments conducted under hydrous pyrolysis conditions using dried cyanobacterial mats.
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Low Temperature Experiments: Statistical analysis of differences between
data sets using Two-Sample t-Tests assuming unequal variances at a 95% confidence interval.
Comparison o f %Organic Content S ta r t in g  M a te r ia l A l l  O S  E x p e r im e n ts
Mean 40.001 25.1452381
Variance 75.48407667 35.32739619
Observations 10 21
Hypothesized Mean Difference 0
df 13
t Stat 4.88965755
P(T<=t) one-tail 0.000147745
t Critical one-tail 1.770931704
P(T<=t) two-tail 0.000295489
t Critical two-tail 2.16036824
Comparison o f %Organic Content S ta r t in g  M a te r ia l A l l  D I  E x p e r im e n ts
Mean 40.001 25.41666667
Variance 75.48407667 62.70941333
Observations 10 21
Hypothesized Mean Difference 0
df 16
t Stat 4.49343197
P(T<=t) one-tail 0.000184256
t Critical one-tail 1.745884219
P(T<=t) two-tail 0.000368512
t Critical two-tail 2.119904821
Comparison o f %Organic Content A l l  O S  E x p e r im e n ts A l l  D I  E x p e r im e n ts
Mean 25.1452381 25.41666667
Variance 35.32739619 62.70941333
Observations 21 21
Hypothesized Mean Difference 0
df 37
t Stat -0.125623423
P(T<=t) one-tail 0.450355072
t Critical one-tail 1.687094482
P(T<=t) two-tail 0.900710144
t Critical two-tail 2.026190487
Notes:
OS - Low temperature experiments conducted with Octopus Spring water.
DI - Low temperature experiments conducted with deionized water.
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Low Temperature Experiments: Statistical analysis of differences between
data sets using Two-Sample t-Tests assuming unequal variances at a 95% confidence interval.
Comparison o f %Organie Content S ta r tin g  M a te r ia l  A l l  O S  2 0 C  E x p e r im e n ts
Mean
Variance
Observations
Hypothesized Mean Difference 
df
t Stat
P(T<=t) one-tail 
t Critical one-tail 
P(T<=t) two-tail 
t Critical two-tail
40.001
75.48407667
10
0
14
4.17037459
0.000471689
1.76130925
0.000943377
2.144788596
26.70571429
18.3059619
7
Comparison of %Organic Content S ta r t in g  M a te r ia l  A l l  O S  3 5 C  E x p e r im e n ts
Mean
Variance
Observations
Hypothesized Mean Difference 
df
t Stat
P(T<=t) one-tail 
t Critical one-tail 
P(T<=t) two-tail 
t Critical two-tail
40.001
75.48407667
10
0
14
3.480013028
0.001839236
1.76130925
0.003678472
2.144788596
26.12571429
58.44192857
7
Comparison o f %Organic Content S ta r t in g  M a te r ia l A l l  O S  5 8 C  E x p e r im e n ts
Mean 40.001 22.60428571
Variance 75.48407667 29.51509524
Observations 10 7
Hypothesized Mean Difference 0
df 15
t Stat 5.071939175
P(T<=t) one-tail 6.89032E-05
t Critical one-tail 1.753051038
P(T<=t) two-tail 0.000137806
t Critical two-tail 2.131450856
Notes:
OS - Low temperature experiments conducted with Octopus Spring water.
DI - Low temperature experiments conducted with deionized water.
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Low Temperature Experiments: Statistical analysis of differences between
data sets using Two-Sample t-Tests assuming unequal variances at a 95% confidence interval.
Comparison o f %Organic Content S ta r t in g  M a te r ia l A l l  D I  2 0 C  E x p e r im e n ts
Mean 40.001 30.61714286
Variance 75.48407667 39.46689048
Observations 10 7
Hypothesized Mean Difference 0
df 15
t Stat 2.58414003
P(T<=t) one-tail 0.010371633
t Critical one-tail 1.753051038
P(T<=t) two-tail 0.020743265
t Critical two-tail 2.131450856
Comparison o f %Organic Content S ta r t in g  M a te r ia l A l l  D I  3 5 C  E x p e r im e n ts
Mean 40.001 22.00857143
Variance 75.48407667 28.13391429
Observations 10 7
Hypothesized Mean Difference 0
df 15
t Stat 5.290166178
P(T<=t) one-tail 4.53647E-05
t Critical one-tail 1.753051038
P(T<=t) two-tail 9.07293E-05
t Critical two-tail 2.131450856
Comparison o f % Organic Content S ta r t in g  M a te r ia l A l l  D I  5 8 C  E x p e r im e n ts
Mean 40.001 23.62428571
Variance 75.48407667 92.57909524
Observations 10 7
Hypothesized Mean Difference 0
df 12
t Stat 3.593079156
P(T<=t) one-tail 0.001846259
t Critical one-tail 1.782286745
P(T<=t) two-tail 0.003692518
t Critical two-tail 2.178812792
Notes:
OS - Low temperature experiments conducted with Octopus Spring water.
DI - Low temperature experiments conducted with deionized water.
- 156-
Low Temperature Experiments: Statistical analysis of differences between
data sets using Two-Sample t-Tests assuming unequal variances at a 95% confidence interval.
Comparison o f Percent Carbon S ta r t in g  M a te r ia l A l l  D I  E x p e r im e n ts
Mean 15.7 11.01714286
Variance 31.035 M .42602143
Observations 5 21
Hypothesized Mean Difference 0
df 5
t Stat 1.783514882
P(T<=t) one-tail 0.067292147
t Critical one-tail 2.015049176
P(T<=t) two-tail 0.134584293
t Critical two-tail 2.570577635
Comparison o f Percent Carbon S ta r t in g  M a te r ia l A l l  O S  E x p e r im e n ts
Mean 19.34272727 11.766
Variance 27.64306182 15.80164235
Observations 11 35
Hypothesized! Mean Difference 0
df 14
t Stat 4.400553556
P(T<=t) one-tail 0.000302085
t Critical one-tail 1.76130925
P(T<=t) two-tail 0.00060417
t Critical two-tail 2.144788596
Notes:
OS - Low temperature experiments conducted with Octopus Spring water.
DI - Low temperature experiments conducted with deionized water.
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Low Temperature Experiments: Statistical analysis of differences between
data sets using Two-Sample t-Tests assuming unequal variances at a 95% confidence interval.
Comparison o f Percent Carbon S ta r t in g  M a te r ia l A l l  O S  2 0 C  E x p e r im e n ts
Mean 19.34272727 13.11636364
Variance 27.64306182 18.25254545
Observations 11 11
Hypothesized Mean Difference 0
df 19
t Stat 3.048212666
P(T<=t) one-tail 0.003307584
t Critical one-tail 1.729131327
P(T<=t) two-tail 0.006615167
t Critical two-tail 2.093024705
Comparison o f Percent Carbon S ta r t in g  M a te r ia l A l l  O S  3 5 C  E x p e r im e n ts
Mean 19.36727273 11.695
Variance 27.63496182 10.52895455
Observations 11 12
Hypothesized Mean Difference 0
df 16
t Stat 4.167201926
P(T<=t) one-tail 0.000363343
t Critical one-tail 1.745884219
P(T<=t) two-tail 0.000726685
t Critical two-tail 2.119904821
Comparison o f Percent Carbon S ta r t in g  M a te r ia l A l l  O S  5 8 C  E x p e r im e n ts
Mean 19.36727273 10.59916667
Variance 27.63496182 18.40500833
Observations 11 12
Hypothesized Mean Difference 0
df 19
t Stat 4.359049337
P(T<=t) one-tail 0.000168883
t Critical one-tail 1.729131327
P(T<=t) two-tail 0.000337766
t Critical two-tail 2.093024705
Notes:
OS - Low temperature experiments conducted with Octopus Spring water.
DI - Low temperature experiments conducted with deionized water.
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Low Temperature Experiments: Statistical analysis of differences between
data sets using Two-Sample t-Tests assuming unequal variances at a 95% confidence interval.
Comparison o f Percent Nitrogen S ta r t in g  M a te r ia l A l l  D I  E x p e r im e n ts
Mean 2.44 1.447619048
Variance 0.793 0.314779048
Observations 5 21
Hypothesized Mean Difference 0
df 5
t Stat 2.381862685
P(T<=t) one-tail 0.031509694
t Critical one-tail 2.015049176
P(T<=t) two-tail 0.063019387
t Critical two-tail 2.570577635
Comparison o f  Percent Nitrogen S ta r t in g  M a te r ia l A l l  O S  E x p e r im e n ts
Mean 2.724444444 1.692
Variance 0.607802778 0.400434118
Observations 9 35
Hypothesized Mean Difference 0
df 11
t Stat 3.673862754
P(T<=t) one-tail 0.001832422
t Critical one-tail 1.795883691
P(T<=t) two-tail 0.003664845
t Critical two-tail 2.200986273
Notes:
OS - Low temperature experiments conducted with Octopus Spring water.
DI - Low temperature experiments conducted with deionized water.
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Low Temperature Experiments: Statistical analysis of differences between
data sets using Two-Sample t-Tests assuming unequal variances at a 95% confidence interval.
Comparison of Percent Nitrogen S ta r tin g  M a te r ia l_____ A l l  O S  2 0 C  E x p e r im e n ts
Mean
Variance
Observations
Hypothesized Mean Difference 
df
t Stat
P(T<=t) one-tail 
t Critical one-tail 
P(T<=t) two-tail 
t Critical two-tail
2.724444444
0.607802778
9
0
15
3.077200646
0.003832976
1.753051038
0.007665951
2.131450856
1.75
0.36018
11
Comparison o f Percent Nitrogen S ta r t in g  M a te r ia l A l l  O S  3 5 C  E x p e r im e n ts
Mean 2.724444444 1.6975
Variance 0.607802778 0.383493182
Observations 9 12
Hypothesized Mean Difference 0
df 15
t Stat 3.255773344
P(T<=t) one-tail 0.002659997
t Critical one-tail 1.753051038
P(T<=t) two-tail 0.005319994
t Critical two-tail 2.131450856
Comparison o f Percent Nitrogen S ta r t in g  M a te r ia l A l l  O S  5 8 C  E x p e r im e n ts
Mean 2.724444444 1.633333333
Variance 0.607802778 0.519624242
Observations 9 12
Hypothesized Mean Difference 0
df 17
t Stat 3.277398256
P(T<=t) one-tail 0.00222077
t Critical one-tail 1.739606432
P(T<=t) two-tail 0.00444154
t Critical two-tail 2.109818524
Notes:
OS - Low temperature experiments conducted with Octopus Spring water.
DI - Low temperature experiments conducted with deionized water.
- 160-
Low Temperature Experiments: Statistical analysis of differences between
data sets using Two-Sample t-Tests assuming unequal variances at a 95% confidence interval.
Comparison o f C/N Ratios S ta r t in g  M a te r ia l A l l  D I  E x p e r im e n ts
Mean 6.456695046 7.763131532
Variance 0.03249966 1 027181747
Observations 5 21
Hypothesized Mean Difference 0
df 24
t Stat -5.549848186
P(T<=t) one-tail 5.20313E-06
t Critical one-tail 1.710882316
P(T<=t) two-tail 1.04063E-05
t Critical two-tail 2.063898137
Comparison of C/N Ratios S ta r t in g  M a te r ia l A l l  O S  E x p e r im e n ts
Mean 7.091111111 1 2 6 3 2
Variance 0.200186111 2.052484753
Observations 9 35
Hypothesized Mean Difference 0
df 40
t Stat -0.605087204
P(T<=t) one-tail 0.274269362
t Critical one-tail 1.683852133
P(T<=t) two-tail 0.548538724
t Critical two-tail 2.021074579
Notes:
OS - Low temperature experiments conducted with Octopus Spring water.
DI - Low temperature experiments conducted with deionized water.
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Low Temperature Experiments: Statistical analysis of differences between
data sets using Two-Sample t-Tests assuming unequal variances at a 95% confidence interval.
Comparison o f C/N Ratios S ta r tin g  M a te r ia l A l l  O S  2 0 C  E x p e r im e n ts
Mean 7.091111111 7.576363636
Variance 0.200186111 0.863660055
Observations 9 11
Hypothesized Mean Difference 0
df 15
t Stat -1.528724468
P(T<=t) one-tail 0.073572086
t Critical one-tail 1.753051038
P(T<=t) two-tail 0.147144173
t Critical two-tail 2.131450856
Comparison o f C/N Ratios S ta r t in g  M a te r ia l A l l  O S  3 5 C  E x p e r im e n ts
Mean 7.091111111 7.249416667
Variance 0.200186111 2.202206265
Observations 9 12
Hypothesized Mean Difference 
df
t Stat
P(T<=t) one-tail 
t Critical one-tail 
P(T<=t) two-tail 
t Critical two-tail
0
14
-0.348992092
0.366144207
1.76130925
0.732288414
2.144788596
Comparison o f C/N Ratios S ta r t in g  M a te r ia l A l l  O S  S 8 C  E x p e r im e n ts
Mean 7.091111111 6.989916667
Variance 0.200186111 3.176940083
Observations 9 12
Hypothesized Mean Difference 0
df 13
t Stat 0.188896918
P(T<=t) one-tail 0.426545356
t Critical one-tail 1.770931704
P(T<=t) two-tail 0.853090711
t Critical two-tail 2.16036824
Notes:
OS - Low temperature experiments conducted with Octopus Spring water.
DI - Low temperature experiments conducted with deionized water.
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